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Abstract
The stomach, which is physiologically defined in vertebrates by its function in acid-peptic
digestion, has been lost independently multiple times during the evolution of the teleost fishes.
The function of the stomach is facilitated by the proton pump H+/K+-ATPase, which acidifies the
stomach, and pepsinogens, which are converted to proteolytic pepsins in this acidic environment.
It is well documented that in agastric (stomachless) fish, the genes what code for the expression
of this proton pump (atp4a and atp4b) and the pepsinogens (pga, pgb, pgf, pgc and cym,) are
absent from the genome (with the exception of a single pepsinogen in agastric Takifugu).
However, certain aspects of this genetic connection are still in question and involve a limited set
of species. Therefore, the purpose of this thesis is to resolve this knowledge gap, focusing on the
gastric genes atp4a and atp4b. This includes identifying loss events, reinforcing the correlation
between gene loss and stomach loss, and provide insight into how gene loss is occurring, why it
occurs, and why this trait remains fixed. This thesis was completed through a two-pronged
approach involving both bioinformatics and molecular genetics. Genes were identified in silico
though sequence alignment or directly through genomic DNA extraction and gene isolation using
PCR (polymerase chain reaction). It was clear from the in silico analysis of 66 genomes that there
was a direct correlation between the presence of atp4a and atp4b and the presence of the
stomach. In incidence of loss, pseudogenization was not confirmed in any teleosts. The PCR
screening of 33 vertebrates (29 teleosts) also demonstrated this relationship with the exception
of the agastric Plotosidae, producing an amplicon for both atp4a and atp4b primer pairs. These
findings were contextualized with the species evolutionary relationships, which allowed for the
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tracking of nine loss events. This included Cypriniformes, Perciformes, Tetraodontiformes,
Syngnathiformes, Pleuronectiformes, Cyprinodontiformes, Beloniformes, and two loss events in
the Gobiiformes. These results expanded on the relationship between stomach loss and the
gastric genes, demonstrating the advantage of adopting a comparative genomic method for
stomach phenotype prediction. Especially in cases where stomach presence is unclear with
current identification methods.
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1.0 Introduction
1.1 The vertebrate stomach
The stomach is a unique evolutionary innovation in the gnathostome vertebrates that is
physiologically defined by its functional role in acid-peptic digestion (Koelz, 1992). This function
is facilitated by the gastric glands which are highly conserved in jawed vertebrates and believed
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to have first appeared in the gnathostome lineage roughly 423 MYA (Zhu et al., 2009). Unlike
vertebrates, which possess both parietal cells and chief cells, fish generally possess a single
secretory cell that is responsible for the stomachs function of acid peptic digestion (Gargiulo et
al., 1997). These oxynticopeptic cells secrete hydrochloric acid (HCl) via a gastric proton pump,
H+/K+-ATPase, which is able to pump H+ ions against an extreme concentration gradient (160mM
pH ~1.0) using energy derived from the hydrolysis of ATP (Gargiulo et al., 1997; Shin, Munson,
Vagin, & Sachs, 2009). Oxynticopeptic cells are also responsible for the secretion of pepsinogen,
a precursor to the catalytic enzyme pepsin, which is activated by the HCl of the gastric juice
(Gargiulo et al., 1997) (Kageyama, 2002). Once active, pepsin cleaves peptide bonds between
linked amino acids that comprise proteins converting them into more digestible peptides (Dykes
& Kay, 1976).
The acidic environment of the stomach and its secretion of pepsinogen extends the
variety of dietary protein sources that can be digested (Kageyama, 2002; Yasugi, 1994).
Additionally the acidic environment confers several advantageous functions such as the
breakdown of invertebrate exoskeletons (Lobel, 1981) improved calcium and phosphorus
absorption (Graziani et al., 1995; Sugiura et al, 2006), and it acts as a chemical barrier against
pathogen entry into the intestine (Beasley et al., 2015; Cain & Swan, 2010).
The proton pump H+/K+-ATPase is heterodimer composed of two subunits, the α subunit
encoded by the ATP4A gene and the β subunit encoded by the ATP4B gene (Kühlbrandt, 2004).
The pepsinogens include pepsinogen A encoded by the PGA gene, pepsinogen B (PGB),
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pepsinogen F (PGF), progastricsin (PGC) and prochymosin (CYM) (Kageyama, 2002). There is an
observed diversity in the hydrolytic specificity between pepsinogens. For example the hydrolytic
activity of human PGC towards hemoglobin is 100%, while dog PGB is 0% (Kageyama, 2002, 2006).
Despite the advantages conferred by the stomach, secondary stomach loss has occurred
independently multiple times throughout gnathostome evolutionary history (Kapoor el al. 1976;
Wilson and Castro 2010). This agastric phenotype was first reported in 1805 by the French
zoologist Georges Cuvier (1805) who observed that some teleost groups, such as the Cyprinidae
and Labridae, do not possess a stomach. Since then, the number of agastric teleosts reported to
lack a stomach has expanded to an estimated 20-27% of species stemming from an estimate of
at least 15 separate secondary loss events (Wilson & Castro, 2010). Although this agastric
phenomenon is not limited to teleosts and has been observed in chimeras, lungfish, and
mammals (monotremes) (Castro et al., 2013; Ordoñez et al., 2008), the teleosts represent a
compelling group given the multiple independent loss events.
1.2 How stomach loss is classically identified – potential problems (mudskippers)
To distinguish the gastric phenotype of a species the presence of the stomach must be clearly
identified. Morphological identification has been commonly used to do this. Stomach
morphology can vary greatly between gnathostomes (Finegan & Stevens, 2008; Romer &
Parsons, 1977) however, anatomically the stomach is generally recognized as an enlargement of
the gastrointestinal (GI) tract linking the esophagus to the small intestine (Romer & Parsons,
1977). This enlargement is associated with the temporary storage of food which is controlled by
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the constriction of the pyloric sphincter between the stomach and intestine (Romer & Parsons,
1977). This distinct structure has led to the common misuse of the term ‘stomach’ to solely define
the characteristic structure of the stomach. However, to define the gastric phenotype by
identifying the structure of the stomach is problematic as gross morphological identification does
not consider the true distinguishing feature of the stomach, which are the unique gastric glands
that facilitate acid-peptic digestion. Thus, this gross morphological method can be imprecise and
could lead to false positives or negatives. Alternatively, the gastric phenotype can be determined
by observing the function of the proposed stomach. This can completed by directly measuring
the pH of the stomach (Lobel, 1981) to indicate the presence of acid secretion. Additionally, the
expression of pepsinogen and H+/K+-ATPase can be inferred by the detection mRNA expression,
(Douglas et al., 1999; Gawlicka et al., 2001) form which stomach presence can be inferred.
Histology and immunohistochemistry can directly visualize the presence of the gastric gland,
identifying agastric teleosts by the absence of these structures. This functional method is far
more precise than the former gross morphological approach and is why histology has become
the gold standard in stomach characterisation and in designating the gastric phenotype. While
morphological analysis has value in characterizing the GI tract once the gastric phenotype is
established, its use has resulted in ambiguous phenotype designation. This is observed with the
mudskippers (Oxudercidae). Through morphological observations of Periophthalmus modestus
Takahashi et al. (2006) concluded that mudskippers do not have a stomach. However, the
histological study of mudskipper fishes from Milward (1974) and Kobegenova and Dzhumaliev
(1991) found tubular gastric glands in Periopthalmus sp. This inconsistency suggests that an
4

additional mode of distinguishing the gastric phenotype may have value and was explored in this
thesis with the mudskippers.
1.3 The gastric genotype
Castro et al. (2013) have established a strong correlation between the gastric genotype and
phenotype. Specifically genes responsible for proton pump (ATP4A, ATP4B) and pepsinogen
(PGA, PGB, PGF, PGC, CYM) expression have been shown to influence the stomach phenotype. If
these gastric genes are present in the genome the stomach is present. If these genes are lost
from the genome, the stomach is not present. Thus, the genomic identification of these genes in
a species could help distinguish the gastric phenotype. This method could be used alongside
histology for a double confirmation and would be less prone to interpretational error. However,
although this initial discovery is compelling, the referenced study (Castro et al., 2013) only
covered 16 species from the gnathostome lineage, which involved eight teleosts but representing
only three loss events or lines. These species included the gastric Gadus morhua, Oreochromis
niloticus and Gasterosteus aculeatus, and the agastric linages (1) Danio rerio, (2) Oryzias latipes,
and Xiphophorus maculatus, and (3) Takifugu rubripes, and Tetraodon nigroviridis. This
correlation should be further established in more taxa to provide better confidence. For example,
the Cypriniform loaches (Gonçalves et al. 2016) which represents a variety of both gastric and
agastric species.
The variation in gastric phenotypes observed in teleosts allows for a robust comparative analysis
between gastric and agastric species which may provide insight into the evolutionary means of
5

loss or retention of the stomach as well as the propensity for reinvention of this lost trait. Dollo’s
principle, states that a complex characteristic cannot re-emerge once lost (Dollo, 1893). Yet,
recently controversy has arisen due to observations of the re-emergence of complex traits such
as flightless insect clades regaining wings (Whiting et al. 2003) and limb development in legless
reptiles (Collin & Miglietta, 2008). However, gene loss and recovery have not been demonstrated
in these cases. Rather the genes were retained and expressed in a different process or at a
different developmental stage. If the agastric phenotype is due to loss of gastric genes rather
than loss of expression, which current studies suggest (Castro et al., 2013; Gonçąlves, Castro,
Smolka, Fontainhas, & Wilson, 2016) then an agastric species will not regain the gastric
phenotype, as predicted by Dollo's principle.
The perspective of gene loss as a pervasive source of adaptive phenotypic diversity has
come to light due to recent advancements in next generation sequencing and the revelation that
gene loss is pervasive in many animal phyla (Albalat & Cañestro, 2016). An example of this is
demonstrated with the loss of the l-gulonolactoneoxidase (GLO) gene which encodes the enzyme
that catalyzes the last step of vitamin C biosynthesis (Drouin et al. 2011). This would support the
connection between gene loss and stomach loss, as gene loss in general is not rare, and indicates
that stomach loss could be an adaptive trait.
In this thesis, gene loss is identified when the orthologous gene is no longer identifiable
within the genome or when a loss-of-function mutation has occurred (Albalat & Cañestro, 2016).
With the advancement of inexpensive sequencing technology new genomes frequently become
available on publicly accessible databases such as NCBI’s GenBank. Some researchers choose not
6

to distribute a sequenced genome through these databases and instead provided the sequence
file on independently published academic websites. Therefore, a single database such as
GenBank is not indicative of the total available number of teleost genomes and other approaches
for data acquisition should be used. To find out which teleost genomes are available, literature
involving the sequencing or use of teleost genomes can be inspected for potentially useful
genomes not available on public databases. For example, Malmstrøm et al. (2016) published
“Evolution of the immune system influences speciation rates in teleost fishes” which reviews and
provides accession information for 66 teleost genomes, several of which were unavailable on
GenBank at the time.
Many common methods of sequencing DNA perform sequencing on millions of small
fragments in parallel (Behjati & Tarpey, 2013). Bioinformatics is then completed to piece together
these individual reads by mapping them to a reference genome (Udall & Dawe, 2018). Although
most methods are effective, sequence assembly can result in errors through misassembly
(Jackman et al. 2018). Determining if gene loss has occurred can be difficult as the absence of a
gene from a sequenced genome can be a result of assembly error. However, each of the gastric
proton pump genes, ATP4A and ATP4B, are flanked by several distinct and highly conserved genes
which together comprise a discrete genetic neighbourhood (Castro et al., 2013). In agastric
species such as Takifugu rubripes, which have lost atp4a, the atp4a neighbourhood is intact with
contiguous genes while the Danio rerio neighbourhood retains conservation but with a large
intergenic gap where atp4a would be expected (Castro et al., 2013). The co-localization of the
neighbourhood gene loci (synteny) can be compared between species to visualize the
7

conservation of the observed genes. This process is defined as synteny analysis and it is an
important tool for studying the loss or absence of a gene of interest (Postlethwait 2007), (Catchen
et al. 2009), (Tang et al., 2015). Orthologous gene neighbourhoods can be constructed and the
presence or absence of a gastric gene is substantiated if the genetic neighbourhood is intact. An
incomplete neighbourhood may indicate that the genome data is inadequate or misassembled,
and thus gene loss cannot be confirmed. In addition, ATP4A has a relatively homologous
sequence compared to other P-type ATPase such as the Na+/K+ ATPase transporting α subunit
(ATP1A1) and non-gastric H+/K+ ATPase α subunit (ATP12A). Therefore, in addition to gene
sequence alignment, ATP4A can be differentiated from homologous genes by confirming its
existence within the genomic neighborhood. Characterizing a strong synteny between species
confirms that the gastric gene neighbourhoods are conserved which allows for their use in
validating the presence of gastric gene orthologs. A well conserved synteny can reflect a
relationship between genes or gene blocks (Moreno-Hagelsieb, Trevio, Pérez-Rueda, Smith, &
Collado-Vides, 2001) where there is an advantage to being inherited together. This association
can be used to infer evolutionary relationships between species, although a more robust
evolutionary history can be established through phylogenetic analysis.
Phylogenetic relationships between species can be established to understand and track
the emergence of a trait throughout their evolutionary history. These relationships are
discovered through phylogenetic inference based on methods that observe and quantify the
divergence of heritable traits (DNA)(Fitch & Margoliash, 1967; Otu & Sayood, 2003) and can be
time-celebrated using fossil records. Rabosky et al (2018) have established a time-calibrated
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phylogeny of all ray-finned fishes (~31,526 species). This comprehensive phylogeny can be
referenced to trace the development of stomach loss and gene loss in teleosts, and can provide
context to the synteny comparisons. Despite the rapid progression of next generation sequencing
technology and expanding scope and availability of genomic data, the number of available teleost
genomes of adequate completeness is still somewhat limited. This necessitates the addition of a
molecular genetic methodology of gastric gene identification. The genetic data can be obtained
directly from the species through genomic DNA extraction, Polymerase Chain Reaction (PCR)
amplification using gene specific primers, cloning and sequencing. The sequences of these
segments can then be compared to determine homology similarly as when comparing genes
acquired in silico.
1.4 Potential Drivers of Stomach Loss
It is hypothesized that stomach loss is a result of a change in diet, potentially induced by
a change in environment. Several hypotheses have been proposed which illustrate how
environmental variation, such as available food sources, can alter this dispensability in gastric
genes. In one possible scenario a diet rich in organisms with a high pH buffer capacity, as
observed in the coral eating parrot fish (Environmental variability), would neutralize the stomach
acid. This would effectively render the proton pumps and the genes that code their expression
superfluous (Kapor et al. 1975) (Gene dispensability). A reduced function results in a relaxation
of positive selection allowing for proton pump genes to accumulate mutations. The buildup of
mutations eventually leads to a loss-of-function mutation, preventing gene expression (Non9

functionalisation). The lack of an acidic environment would prevent the activation of pepsinogens
which would result in the eventual loss of the pepsinogen genes (Gene dispensability). With loss
of both the acidic environment and the pepsins, the stomach no longer serves any definitive
function resulting in the consequential loss of the stomach. Alternatively, pepsins have been
shown to be substrate specific (Narita et al., 2002), and if the specific dietary protein is not
present, then that pepsin no longer serves its function. This results in a relaxation of positive
selection leading an eventual loss of the gene. If several pepsinogens are lost, then there is no
longer a need for an acidic environment to convert the pepsinogens to pepsins which could lead
to the eventual loss of proton pump genes.
1.5 Alternative expression
Retention of the gastric genes in stomachless species may be possible and explained by
alternative expression sites of the gastric genes elsewhere in the fish’s body or at other periods
in their lifecycle (Barrington, 1957). In these cases, reinvention of the stomach may be possible
as genetic material is intact. The pufferfishes which inflate themselves by holding water in their
stomach when threatened (Wainwright & Turingan, 2006), lack the expression of gastric glands
and also lack atp4a, and atp4b (Castro et al., 2013), and all but one pepsinogen, PGA1 (Castro et
al. 2013; Kurokawa et al. 2005). This pepsinogen is not expressed in the GI tract but specifically
in the skin (Kurokawa et al. 2005), which is speculated to have acquired an alternative function.
Although in this case, the loss of all other gastric genes likely eliminates the potential of future
reinvention. An additional explanation for loss of phenotype and retention of gastric genes is
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pedomorphosis. Pedomorphosis, also referred to as neoteny, is the observed phenomenon of
organisms retaining juvenile traits into adulthood (McNamara, 2012). This has been observed in
the ice goby (Leucopsarion petersii) which has retained traits characteristic of the larval phase
such as a scaleless transparent body and pelagic lifestyle (Harada et al., 2003). The ice goby also
appears to be agastric (Harada et al., 2003) which is consistent with the observed pedomorphosis
as larvae tend to initially lack a morphological and functional stomach. The underlying
mechanism of this phenomenon is believed to involve alterations in the timing and/or rate of
ontogenesis. In this process the genes that express an adult trait are not necessarily lost and can
be functional, with respect to their coding sequence, and theoretically retain the ability to
produce a functional protein. In such a scenario loss of expression instead is occurring due to an
alteration in regulation resulting in gene silencing. This presents the possibility of observing an
agastric species which retains functional gastric genes. Retention of gastric genes would suggest
that there is a potential for stomach reinvention in future lineages.
1.6 Gut development
Although the timeline of gut development after post hatch varies between teleost species
(Kurokawa and Suzuki 1995; Srivastava et al. 2002) the development of gastric glands is the last
major transformation in the GI tract and may even occur after the first feeding (García et al.,
2001). The genetic and molecular mechanisms signaling gut development has been
comprehensively outline in mouse models (Smith et al., 2000; Yasugi & Mizuno, 2008). In
mammals, development of the gastric epithelium is mediated by the homeodomain protein Barx11

1 expression within the presumptive stomach mesenchyme inhibiting Wingless (Wnt) expression
(Kim et al. 2005). Within this model, the endodermal expression of the homeodomain protein
Cdx2 is responsible for the development of the intestinal epithelium (Stringer et al. 2008) and
initiation of embryonic gut cell differentiation (Stringer et al. 2008). The FGF10 signaling pathway
triggers the appearance of the gastric glands (Spencer-Dene et al. 2006; Nyeng et al. 2007). In
fish a Cdx paralogue (Cdx1b) has replaced the function of Cdx2 (Flores et al. 2008). The agastric
zebrafish has retained functional Barx1 and Cdx1b orthologues ontology (Flores et al., 2008;
Sperber & Dawid, 2008) which suggests that there is a conservation in the genetic footprint for
stomach organizational development, despite loss of the phenotype (Muncan et al., 2007).
However It is hypothesized that in the zebrafish, barx1 expression may not be sufficient to trigger
Wnt signaling inhibition (Gonçalves et al., 2019), and that alterations in microRNA transcriptional
regulation (Zeng & Childs, 2012) may be effecting the development of a clear a gastric-like
epithelium. Further exploration on this aspect of teleost GIT development is needed as it could
explain the apparent retention of certain developmental factors while phenotype is still lost.
1.7 Thesis Outline
Stomach loss in teleosts is well documented, and the relationship between the gastric genes
atp4a and atp4b has been acknowledged. However, certain aspects of this genetic connection
are still in question and involve a limited set of species. Therefore, the purpose of this study
intends on resolving this knowledge gap. This includes identifying loss events, reinforcing a
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correlation between gene loss and stomach loss, and provide insight into how gene loss is
occurring, why it occurs, and why this trait remains fixed.
The central hypothesis of this thesis is that the presence of the gastric genes atp4a and
atp4b within a species’ genome are directly correlated to the presence of the stomach phenotype
in teleost fishes. Specifically, agastric fish will lack the gastric genes, and gastric fish will possess
the gastric genes. Due to complete gene loss, stomach reinvention will not be possible.
This thesis aims to robustly define the correlation between genotypic and phenotypic
stomach loss within the teleosts by investigating the occurrence and movement of gastric gene
loss throughout teleost phylogeny. The secondary aim is to identify potential exceptions
(retention of the gastric genes but loss of the stomach phenotype). Gene identification will be
completed through a two-pronged approach involving both bioinformatics (gene alignment and
synteny comparison) and molecular genetics (PCR screening, cloning and sequencing),
contextualised with published data on the gastric phenotype and teleost phylogeny.
Bioinformatics provides an exceptional and detailed perspective on genetic content; however,
the number of available teleost genomes is limited. Therefore, a molecular genetic approach can
be employed even though it is less informative, as it can be completed on any species as long as
a tissue sample is available.
This thesis explores the topic of how and why gastric gene loss is occurring, which may
not be fully resolved through comparative genomics alone, and thus success on this matter will
be determined if relevant context is provided. Success will also be determined by the design of
primers that are specific for the gastric genes and able to detect gene presence or gene loss, as
13

this is the basis of the molecular genetics approach. Ideally new or more specific incidence of
gene loss will be identified; however, this is limited to sample availability and thus success is
determined if evidence is provided to support currently established loss events and address
ambiguous loss events. Although one objective of this study is to further establish the correlation
between these genes, contrary evidence would have fascinating implications and thus would still
contribute to the success of this work.
The thesis is structured in 4 chapters. An Introduction and literature review (Ch1) which
introduces the vertebrate stomach and describes the recurrent phenomenon of stomach loss.
This section attempts to establishes a strong understanding of how the vertebrate stomach is
defined and identified and summarizes the genetic complement and molecular mechanisms that
lead to its development. The methodology (Ch 2) outlines the two-pronged approach that was
completed to accomplish the purpose of the thesis. This involved both Bioinformatics (Ch 2.1)
and molecular genetics (Ch2.2), demonstrating the value of employing both methods together to
fill in the gaps that either method would have alone. The results (Ch3) from this analysis follows
the same structure as the methods and is divided into two sections outlining the findings from
both the bioinformatic (Ch 3.1) and molecular (Ch 3.2) approach. Each aspect of these findings
are then summated and interpreted in the Discussion (Ch 4). This section acknowledges the
limitations of the study and recommends potential methods that could be completed to fill in the
gaps of understanding. Finally, this section
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Chapter 2: Materials and Methods
2.1 Identifying gastric phenotype
The literature was reviewed to identify publications involving the species included in this study
and their gastric phenotype. If a species could not be identified, representatives from their genus,
then family would be investigated. Stomach presence was defined either through the positive
immunohistological identification of H+/K+-ATPase expression in the gut, the histological
identification of gastric glands, and although less convincing, a positive result from gross
morphological analysis (Table 1 Appendix).
2.2 Identifying gastric genotype through comparative genomics
Protein and DNA sequences of the human (H. sapiens) ATP4A, ATP4B, ATP1A1, ATP12A, ATP1B,
and ATP1B4 genes, along with zebrafish (Danio rerio) atp1a1a, atp1b1a, atp1b4, Xenopus
tropicalis atp12a, and Nile tilapia (Oreochromis niloticus) atp4a, and atp4b genes were obtained
from the NCBI GenBank database (www.ncbi.nlm.nih.gov/gene). Sixty five (64 of them teleosts)
genomes

were

extracted

from

either

NCBI’s

GenBank

(ftp://ftp.ncbi.nlm.nih.gov

/genomes/genbank/), or the Ensembl (release 97) databases.
2.2.1 Database search and gene identification
The annotated Nile tilapia (O. niloticus) genome was inspected using NCBI’s gene
annotations and graphics viewer to identify atp4a and atp4b flanking genes beyond what was
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previously described by Castro et al. (2014). Castro’s set was completed by expanding the
sequence window to include the 10 closest genes flanking both sides of each gene of interest
(atp4a, or atp4b) and extracting them in protein format from NCBI’s sequence database. Once
potential flanking genes were identified the annotated Takifugu rubripes, and D. rerio genomes
were also analyzed. All collected sequences, along with the H. sapiens and O. niloticus gastric
genes, were aligned to the 65 species genomes individually using the Basic Local Alignment
Search Tool TBLASTN (Gertz et al., 2006) with an output in tabular format. This process was
expedited using a script in Unix terminal to run TBLASTN alignments of all query genes on each
individual genome resulting in a single tabular alignment output file for each genome.
TBLASTN generated several detached sequences for each gene. The top hit with the
lowest e-value (threshold of <1e-5 ) a high sequence relative to the other alignments and a an
identity threshold of >70% (Pearson 2013; Yao, Charlab, and Li 2006) for the gene alignment was
selected. Separated query hits were then ordered based on the query and subject alignment loci
relative to this presumed exon subject range until the gene was complete, spanning the whole
query. This represented the presumed ortholog loci with preserved introns. If an atp4a or atp4b
ortholog was presumed, the respective sequence from the genome would be excised using the
blastdbcmd command. Additionally, each individual alignment comprising the putative gastric
gene ortholog was extracted with an additional 100 bp sequence (Yao et al. 2006) on both sides
and joined together in order of the original query sequence. This mitigated the potential of
cutting off the ends of a potential exon which may not have been fully aligned.
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2.2.2 Determining functionality and pseudogenization
To determine if pseudogenization has occurred whole constructed gastric gene orthologs
were manually assessed to detect loss-of-function mutations using the global alignment
algorithm ggsearch36 with the respective human and O. niloticus gastric genes. In addition,
GeneWise (https://www.ebi.ac.uk/Tools/psa/genewise/) was run on the extracted sequences to
highlight any frame shifts and/or in-frame stop codons and produced a final protein alignment.
These genes were also run through the open reading frame (ORF) Finder (https://
www.ncbi.nlm.nih.gov/orffinder/) to determine if they occur within an open reading frame, and
to confirm the output from GeneWise.
2.2.3 Phylogeny of genes
The orthology of each gene was verified through phylogenetics. The protein sequences from the
coding regions of the proposed orthologs were aligned using MAFFT (version 7) with the L-INS-i
algorithm parameters (Katoh et al., 2005). The vertebrate ATPase α-subunits ATP4A, ATP1A1,
ATP12A (H. sapiens), Atp1a1a, (D. rerio), and Atp12a (X. tropicalis) were also aligned to the Atp4a
subunits. ATP4B ATP1B, ATP1B4 (H. sapiens), and Atp1b4 (D. rerio) were aligned with the Atp4b
subunits. Gaps were removed from each alignment. ProtTest (Abascal, Zardoya, & Posada, 2005)
was employed to determine the best model of amino acid substitution. The recommended
models LG+I+G+F for the α subunit and LG+I+G for the β subunit were used.
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The sequences of each subunit were aggregated into two separate FASTA files and
converted to PHYLIP format using the online tool ALTER (http://www.sing-group.org/ALTER/).
After file conversion, maximum-likelihood trees were constructed using PhyML (3.0) online
(Guindon et al., 2010) (Fig. 1) with confidence in each node assessed by 1000 bootstrap
replicates. The Atp4a and Atp4b trees were rooted using Ciona intestinalis Atp1a3
(XM_026838416.1), and Atp1b3 (XP_018670861.1) as an out-group. Archaeopteryx
(https://github.com/cmzmasek/ archaeopteryx-js) (Han & Zmasek, 2009), a powerful and user
friendly visuxalisation and editing tool was used to visualize the data output from PhyML.
2.2.4 Synteny and neighbourhood construction
Once putative orthologs were identified, scaffolds were re-constructed to represent
gastric gene neighbourhoods by organising the orthologs based on genomic loci. As duplication
in neighbourhood genes was possible, only the most complete scaffold for each gastric gene
neighbourhood was used for further processing. Synteny comparison analysis was completed to
confirm neighbourhood conservation between species, identify patterns, and highlight outliers.
Gastric gene neighbourhoods were used to confirm the presence or absence of their respective
gastric genes and arranged on a cladogram based on the species relative evolutionary
relationship. To elucidate the neighborhood identity in genomes with low assembly lengths, the
gastric gene neighborhood of their closest ancestor species with a complete neighborhood
assembly was used as a reference to which the short contigs were aligned. This arrangement was
applied to the mudskipper species Boleophthalmus pectinirostris, Periophthalmodon schlosseri,
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Periophthalmus magnuspinnatus, and Scartelaos histophorus using B. pectinirostris as the
template. Once neighborhoods were constructed, if either atp4a or atp4b could not be identified,
the intergenic space between the flanking genes, as well as the sequence encompassing the
neighbourhood would be aligned with the respective gastric gene. This was completed with DNA
(BLASTN) and protein (TBLASTN) alignments with low stringency settings; words size of 5 for
BLASTN and 2 for TBALSTN, reward/penalty of 5/-4, and low-complexity masking tuned off.
Intergenic spaces were also run through the ORF Finder (https://www.ncbi.nlm.nih.gov/
orffinder/) to attempt the detection of a misplaced open reading and protein encoding segments.
The intergenic space between the most common flanking genes were also run through NCBI’s
RefSeq and GenBank databases.
2.2.5 Simplified phylogeny
A time calibrated phylogeny of ray-finned fishes (11,638 species) (Rabosky et al., 2018)
was simplified to include only species with constructed gastric gene neighbourhoods using the
tool Archaeopteryx (https://github.com/cmzmasek/archaeopteryx-js). This simplified phylogeny
was used as a refence to order gastric gene neighborhoods. Phylogenetic trees previously
assembled from Atp4a and Atp4b were superimposed onto this simplified phylogeny to highlight
potential divergence. A second more broad phylogeny was constructed to include the species
which we processed in lab (see section 3.X). This cladogram was simplified from the Rabosky et
al. (2018) phylogeny, and referenced the published phylogenys of You et al. (2014) and Amaral
et al. (2018) to place the mudskippers and elasmobranchii, respectively.
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2.3 Identifying gastric genotype using a genomic PCR based approach
2.3.1 Animal handling and tissue extraction
Animals for tissue collection were treated in accordance with the Animals for Research
Act and Canadian Council on Animal Care under the Wilfrid Laurier University AUP #R18003. They
were anaesthetized with tricaine methanesulfonate (1:5000, pH 7.5) and killed by cervical
transection (Carbone et al., 2012). In the case of small fish, they were snap frozen on dry ice. For
larger fish, organs were excised, separated and snap frozen on dry ice. All samples were stored
at –80°C. Additional samples provided by collaborators was preserved and shipped in 70%
ethanol prior to extraction.
2.3.2 Primer Design
Protein sequence conservation within each gastric gene was indicated through the
multiple sequence alignment (MAFFT) of 20 species’ (Fig 2) presumed gastric gene orthologs. A
consensus sequence was generated based of the most consistent amino acid in each loci with a
threshold of >90%, resulting in an a sequence of best fit. Problematic non orthologous genes with
similar sequence identity including H. sapiens ATP1A1, and ATP1B1 and O. niloticus, Atp1a1a and
Atp1b1a were then added to this alignment to highlight areas of low homology with the
consensus, to reduce the potential of non-specific binding. Areas of the alignment that
demonstrated conservation within gastric gens and dissimilarity between other ATPases were
selected as candidates for primer design. The identified consensus protein sequences were then
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converted to degenerate codon sequences (Cornish-Bowden, 1985). Degenerate consensus
primers for both Atp4a and Atp4b (Fig 2, Appendix Table 2) were designed using SnapGene
software (GSL Biotech; snapgene.com) from these candidate loci, and were ordered from
ThermoFisher Scientific.
2.3.3 PCR and gene isolation
Tissue samples of 33 vertebrate species which included 29 teleost (Apendix Table 1), were
homogenized using a Precellys 24 bead homogenizer (Bertin Technologies SAS, Montigny-leBretonneux, France), and genomic DNA was isolated and purified using the Wizard® SV Genomic
DNA Purification System (Promega, Madison, WI, USA). Purification of animal tissue using a
microcentrifuge protocol was followed according to manufacturer’s specifications with an
overnight incubation. The resulting DNA was quantified to determine concentration and purity
through UV spectroscopy at 260:280 / 260:230nm absorption (Desjardins & Conklin 2010). PCR
optimisation was completed using Nile tilapia and zebrafish genomic DNA to determine the
optimal melting temperature (Tm), elongation time, and number of cycles. Gastric genes atp4a
and atp4b isolation was attempted with each genomic DNA extraction through PCR amplification
(C1000 Touch Thermal Cycler, Biorad, Hercules, CA, USA). The atp4a PCR reactions were
performed with 0.2 μl of 100 ng/μl sample DNA, 0.5 μM of each forward and reverse primer in a
10 μl reaction volume using 2X PCR Bestaq MasterMix (Applied Biological Materials, Richmond,
BC, Canada). PCR conditions consisted of a denaturation step of 3 minutes at 94°C, followed by
35 cycles of denaturation for 10s at 94°C, annealing for 30s at 60°C, and elongation for 15s at
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72°C and a final elongation step for 5 min at 72°C. The atp4b PCR reactions were performed using
the same reaction volumes but with the Kodaq 2X PCR MasterMix (Applied Biological Materials).
PCR conditions for atp4b consisted of step of 3 minutes at 94°C, followed by 35 cycles of
denaturation for 30s at 94°C, annealing for 30s at 55°C, and elongation for 15s at 72°C and a final
elongation step for 5 min at 72°C. The presence of an amplicon was confirmed through agarose
gel electrophoresis and band identification at 188 for atp4a amplicon and 114 the atp4b
amplicon with a 100bp ladder (Biotium Inc., Fremont, CA, USA). Single bands in the predicted size
range were retrieved from 2% agarose gels in TBE (Tris- borate-EDTA) buffer using the Wizard SV
Gel and PCR Clean-Up System (Promega). Amplicons were ligated into the pGEM®-T Easy cloning
vector (Promega), and transformed into JM109 High Efficiency Competent Cells (Promega),
through heat shock transformation at 42˚C. Cells initially grown in SOC medium for one and a half
hours and then plated on lysogeny broth (LB) agar plates containing ampicillin (100 μg/mL), with
IPTG (isopropyl β-D-1- thiogalactopyranoside) and x-gal to selected recombinant colonies
through blue-white screening. Plates were incubated at 37˚C overnight and transformants were
selected and grown in 5ml of LB broth with 1 μg/mL ampicillin at 37˚C in an overnight incubation.
Plasmid DNA from transformants was isolated using E.Z.N.A.® Plasmid Mini Kit I (Omega Bio-Tek,
Norcross, GA USA), and digested with EcoR1 (Sigma-Aldrich, St. Louis MO USA). Digests were run
through a 2% agarose gels in TBE to confirm the presence of an insert at the expected size. All
DNA samples were stored at -20˚C. Recombinant DNA was sent for sequencing at the TCAG
facilities at the Center for Applied Genomics (Sick Children’s Hospital, Toronto ON Canada).
Recombinant sequences were distinguished from adjoined plasmid DNA using BLASTN 2.9.0+ in
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Unix terminal and isolated using the blastdbcmd command. The pGEM®-T Easy vector DNA was
aligned to the amplicon and removed from the recombinant sequence. These isolated sequences
were then aligned to the respective gene ortholog of O. niloticus, homologous sequences
atp1a1a, atp1b1a (D. rerio), and the NCBI GenBank database to distinguish ortholog identity. The
PCR reactions of the atp4a and atp4b primer sets with the genomic DNA of species were run on
2% agarose gels in TBE in phylogenetic order (Figure 3). Amplicon presence of each gastric gene
was compared between species, and the species presumed gastric phenotype. P. sinensis was
not included in this figure.
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Chapter 3. Results
3.1 Bioinformatics
3.1.1 Neighbourhood Conservation
Eleven sets of genes were identified from the O. niloticus genome that directly flank the atp4a
and atp4b orthologs that had conserved synteny with the two agastric species (T. rubripes and
D. rerio). Gene neighbourhoods in the two agastric species were assumed due to synteny
similarity.
The proposed O. niloticus atp4a neighbourhood (LG11 – NC_031976.2) included: crp, sap,
steap4, glipr2, nacad, tbrg4, atp4a, denned3b, slc45a4, grp20, dgat, and scrt. The proposed O.
niloticus atp4b neighbourhood (LG1 – NC_031965.2) included: lamp1, grtp1, adprhil1, dcund1d2,
tmco3, atp4b, grk1, tmem255b, gas6, pros1, rasa3, and tpp2. These flanking genes showed near
complete conservation of synteny between these two species with a short gap where atp4a
(92bp) and atp4b (360bp) would be expected in the agastric T. rubripes (Chromosome 13 –
NC_042297.1). The atp4a neighborhood of D. rerio (Chromosome 16 – NC_007127.7) was less
conserved with the steap4 orthologue appearing after tbrg4, and a large intergenic space
(3125706 bp) where atp4a would be expected. Orthologs of centromere protein E (cenpe) and
transcription factor Dp-1 b (tfdp1b) were identified in the agastric D. rerio presumed atp4b
neighborhood, which was not observed in either O. niloticus or T. rubripes.
When investigating the four mudskippers, it was found that the genomes of P.
magnuspinnatus S. histophorus, and P. schlosseri and were inadequate. Although of a relativity
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high coverage, the assemblies were poor with scaffolds ranging from 12-30kb, and not fully
covering the presumed gastric gene neighborhoods. The genome of B. pectinirostris, a close
relative, had a complete scaffold which encompassed these gastric neighborhoods. This more
complete B. pectinirostris scaffold was used as a template to which the other three mudskippers
were aligned. To simplify the procedure and save time, only scaffolds that showed sequence
similarity to a neighborhood gastric gene were aligned. This resulted in the identification of
contiguous scaffolds, which covered each of the gastric neighborhoods within all three of these
mudskippers. The results of this processes are included in Figure 4. In P. magnuspinnatus the
nacad ortholoug was bisected by two separate scaffolds and in the Figure 4, this division is
identified by a double slash (//) indicating a break between separate scaffolds.
3.1.2 ATP4A
3.1.2.1 Neighbourhood
Sequence alignment and scaffold reconstruction demonstrated a conserved atp4a
neighbourhood identity between in 49 of the 66 genomes, however the atp4a neighbourhood
could not be identified in 17 species. This included the quite well annotated Atlantic salmon
(Salmo salar) genome which was subsequently referenced with NCBI’s gene annotation viewer.
The closest flanking genes were identified and aligned to the genomes of all 66 species, resulting
in the characterisation of a second conserved atp4a gene neighbourhood that involved, ncam1,
sult2b1, tmem147, and gapdhs orthologs. This neighbourhood exclusively flanks only one side of
the atp4a ortholog, with the other side not demonstrating gene conservation between species.
25

To more simply distinguish the two atp4a neighbourhoods, the S. salar derived neighbourhood
will be referred to as the secondary atp4a neighbourhood. This alternative neighbourhood was
identified in 19 species including Lepisosteus oculatus, Scleropages formosus, Paramormyrops
kingsleyae, Clupea harengus, Pygocentrus nattereri, Astyanax mexicanus, Tachysurus fulvidraco,
Ictalurus punctatus, D. rerio, Cyprinus carpio, Sinocyclocheilus rhinocerous, Sinocyclocheilus
graham, Sinocyclocheilus anshuiensis, Pimephales promelas, Hucho hucho, Esox Lucius, Salmo
salar, Salmo trutta, and Oncorhynchus mykiss. The species Danio rerio, C. carpio, S. rhinocerous,
and S. anshuiensis were also found to possess the original atp4a neighborhood. These
neighborhoods demonstrated their own conservation with ptk2 and ldlrad4 orthologs
congruently following the dennd3 orthologs. Overall the most common genes directly flanking
the atp4a ortholog were tmco3 and grk in the original neighbourhood and gapdhs in the
secondary neighborhood. In some species both the original, and secondary neighborhoods were
identified. The neighborhood of a species could be easily defined if an atp4a was distinguished,
however assigning the proper gene neighborhood is difficult if both appear in an agastric species.
Therefore, the simplified phylogeny of these 66 species was used to contextualizes the gene
neighborhoods which were assigned based on completeness and relative evolutionary
relationships. With this in mind, phylogeny was only taken into account when assigning
neighborhood identity to an agastric species, and only if both had the same relative
completeness.

26

3.1.2.2 Neighborhood duplication
Two copies of atp4a were observed in the genomes of O. mykiss S. salar and S, trutta
which all had conserved secondary atp4a neighborhoods. Within each species, the presumed
atp4a orthologs showed high homology to each other. Salmo salar atp4a like sequences found
on Chromosome ssa02 (14151625..14163631) and Chromosome ssa05 (66011559..66022264)
had an alignment resulting in a score of 2118 bits(5489), 99% identity (1021/1024), with zero
gaps and an e-value of 0.0.The atp4a like sequences found on Chromosome 37
(13142470..13155235), and Chromosome 3 (62230514..62241325) of the S. trutta genome
demonstrated an alignment score of 2120 bits(5494), 99% identity (1021/1024), with an e-value
of 0.0. The atp4a like sequences identified in the O. mykiss genome on Chromosome 2
(9333717..9341333) and an unplaced scaffold NW_018654704.1 (200952..215077). An
alignment of these sequences found that the atp4a on the unplaced scaffold had a series of 183
amino acids at the beginning of the sequence demonstrating low homology (32% identity),
however the remaining sequence demonstrated high homology (99%). This area of high
homology was initiated with a methionine. Frameshifts or in-frame stop codons were not
identified in any of the atp4a like sequences found in any of these species. These neighborhoods
are illustrated in Figure 5, however for simplicity the most conserved neighborhood from each of
these four species is shown on Figure 4.
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3.1.2.3 Intergenic spaces
Large intergenic spaces between certain atp4a neighbourhood genes were observed in
the genome of Pygocentrus nattereri, Salmo trutta, Mastacembelus armatu, Anabas testudineus,
Neolamprologus brichard, and Poecilia Formos. These spaces were run through NCBIs RefSeq and
GenBank databases to determine if other genes could be identified within these spaces. Due to
this realisation, intergenic spaces of all neighbourhoods greater than 5kb were also investigated.
In the P. nattereri genome, the space between gapdhs and tmem147 demonstrated high
sequence similarity with nlrp12 (NACHT, LRR and PYD domains-containing protein 12),
additionally when aligned to the 66 genomes, there was a hit for nlrp12 flanking the gapdhs
ortholog of the I. punctatus genome. The space between the sult2b1 and ncam1 orthologs in the
S. trutta Chromosome 37 neighborhood and between tmem147 and ncam1 in the Chromosome3
neighborhood, showed high sequence similarity to cnfna (cornifelin homolog A), which was also
identified in the Chromosome ssa05 neighbourhood of S. salar. Additionally, within this
neighbourhood of S. Sala, u2af3 (Splicing factor U2AF 65 kDa subunit) was shown to have high
sequence similarity in the space between the atp4a and tmem147 orthologs. A sequence similar
to cnfna was also identified in the Chromosome 3 atp4a neighbourhood of O. mykiss, however
this was only a partial sequence and could not be confirmed. The gene sun1 (SUN domaincontaining protein 1) demonstrated high homology to the intergenic space between atp4a and
tbgr4 in the genome of M. armatus. No other hits for this gene were found the other 66 genomes
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with loci close to the at4a neighbourhood. In the genome of A. testudineus, the intergenic space
between the steap4 and crp orthologs showed homology to mptx1 (mucosal pentraxin), which
was also found in the genome of A. calliptera between the steap4 and sap orthologs. Finally, jelt
(Jeltraxin) demonstrated homology with the sequence between streap4 and crp in the genome
of P. Formosa. Homology to JELT was also demonstrated in the sequence directly flanking the
streap4 ortholog in the P. reticulata atp4a neighborhood, directly flanking crp in C. variegatus,
and flanking sap in the H. burtoni atp4a neighbourhood. No other hits were observed for the
intergenic space of the other species.
3.1.3 ATP4B
3.1.3.1 Neighbourhood
Sequence alignment and scaffold reconstruction demonstrated a conserved atp4b gene
neighbourhood between all 66 species. Ten species (P. nattereri, A. mexicanus, T. fulvidraco, I.
punctatus, D. rerio, C. carpio, Sinocyclocheilus rhinocerous, S. graham, Sinocyclocheilus
anshuiensis, Pimephales promelas) genomes possessed a cenpe ortholog, which had a conserved
loci between grk1a and tmem255b. The tfdp1b ortholog was identified in 17 species genomes. In
D. rerio the tfdp1b ortholog loci was between tmco3 and grk1a, which was consistent with the
four other agastric species genomes where tfdp1b was identified (C. carpio, S. rhinocerous, S.
anshuiensis, and P. promelas). However, in eight species characterised as possessing a stomach
(L. oculatus, P. nattereri, A. mexicanus, T. fulvidraco, I. punctatus, H. hucho, E. lucius, S.trutta),
the tfdp1b ortholog loci was situated between tmco3 and atp4b orthologs. In S. formosus, P.
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kingsleyae, S. salar, and O. mykiss the tfdp1b ortholog directly flanked the presumed atp4b with
no other flanking genes identified on that side. A tfdp1b ortholog was not recovered in (S.
grahami), one of the ten species genomes where a cenpe ortholog was identified.
Sinocyclocheilus rhinocerous had a reduced neighbourhood where only a section of the dcun1d2
like sequence was recognized and is represented by a lighter shade in Figure 4. The most common
genes directly flanking the atp4b ortholog were tmco3 and grk1.
3.1.3.2 Neighborhood Duplication
Like the atp4a neighborhood, the same three species also demonstrated duplicate
alignments of ATP4A. The genome of S. salar had demonstrated atp4b like sequences on
Chromosome ssa16 (79332583..79336800), and an unplaced scaffold NW_012352799.1
(4037..11526). High homology between these sequences were demonstrated a 99% identity
(206/207) (evlaue 2e-162) and neighbourhoods were conserved however the NW_012352799.1
scaffold was quite short (11,526bp) and only atp4a and tfdp1 like sequences were identified. The
atp4b like sequences of the S. trutta genome were both found on the same chromosome
(Chromosome 39) with one upstream (11065198..11073210) of the other downstream
(11065198..11073210). Both had high sequence similarities of 99% (288/289) with a e-value of
0.0 and complete coverage. The upstream neighborhood was more complete.
The genome of O. mykiss had demonstrated atp4b like sequences on Chromosome 18
(785156..790988) and and the unplaced scaffold NW_018630945.1 (1671..14770). Unlike all
other atp4a and atp4b duplicate alignments, there was an observed 74% identity (100%
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coverage, e-value 3e-155) protein alignment due to a 86 amino acid (AA) stretch of very low
homology. The DNA alignment demonstrated a similar gap congruent with the area of low AA
homology and the aligned regions surrounding this gap had a 99% identity (1e-90).
The atp4a-like sequence on the unplaced scaffold. The region of low homology of was
characterised by tandem TG and TC repeats. The unplaced scaffold neighbourhood was quite
short (19970 bp) and included gaps (long stresses of N’s) which directly bisected the atp4b
alignment. Only the one flanking gene was identified from this scaffold. The single
neighbourhood gene (tfdp1) of the unplaced scaffold was aligned to the tfdp1 ortholog of the
Chromosome 18 neighborhood with a sequence identity of 97.50% and a singe gap (e-vlaue 0.0).
These neighborhoods are illustrated in Figure 5, however for simplicity the most conserved
neighborhood from each of these four species is shown on Figure 4
3.1.3.3 Intergenic spaces
When explored, the intergenic spaces between the atp4b neighborhood genes did not result in
any hits.
3.1.3.4 Gene duplication
Two separate loci showing high homology to ATP4B were recognised within the center of
the conserved atp4b gene neighbourhood of the gastric cichlid Maylandia zebra (LG1
GCA_000238955.5, CM009180.2). Additionally, each of these sequences were directly flanked by
separate tmco3 and grk1 orthologs. Each pair of similar sequences (atp4b, tmco3, and grk1) were
excised from the genome and aligned to each other. These alignments showed slight variations
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in sequence. The two sequences homologous to atp4a demonstrated a complete (100%)
coverage with a dissimilarity in 5 amino acids from an identity of 98% (286/291), e-value of 0.0
(Appendix Fig. 1). The sequence closes to the dcun1d2 ortholog (Fig. 4) was distinguished as the
downstream atp4b.
The phylogenetic analyses (Fig. 1) of the presumed gastric gene orthologs with the
corresponding non gastric ATPase, demonstrated clear orthology. In this figure, node bootstrap
values are shown at each node as a percentage of 1000 replicates. Ciona intestinalis was properly
rooted, and the non-gastric ATPase subunits formed an outgroup to the gastric H+/K+ - ATPase
subunit ingroup. Although both atp4a and atp4b formed as an ingroup, the O. mykiss atp4b
subunit (Unplaced scaffold NW_018630945.1) stood out which may be contextualized by the
variance in sequence identity to the other atp4a orthologs. The duplicate gastric gene alignments
of S. salar, S. trutta, and O. mykiss showed relativity close phylogeny however only the atp4b
subunits of O. mykiss and S. trutta shared a node with each other (77 and 64% respectively). In
the beta subunit phylogeny both non-teleosts L. chalumnae and L. oculatus were exterior to the
teleost species, however only L. chalumnae was separate from the teleosts in the alpha subunit
phylogeny.
In genomes where a gastric gene could not be identified, the intergenic space of the most
common flanking genes was not consistent. The intergenic spaces in the atp4a neighborhood
was 10794bp for S. graham, 360bp for T. rubripes, 1451bp for L. bergylta and 388bp for X.
couchianus. In contrast the intergenic space of in the atp4b neighborhood was 92bp for T.
rubripes, 2653 L. bergylta, and 4482bp X. couchianus. No pattern in the size of this intergenic
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space was observed between species, however this was not thoroughly studied. During sequence
alignment, two conserved atp4b gastric gene neighborhoods where identified within the gastric
P. kingsleyae genome. Only one of these neighborhoods possessed an atp4b ortholog (scaffold
NW_019712044.1), with the other (NW_019711644.1) having no gap between genes (11bp). The
distance between the closest flanking gens of the confirmed atp4b neighbourhood was 10142bp.
In every genome where a gastric gene could not initially be identified, the gene could still
not be identified even after a low stringency search, and ORF detection was completed.
Additionally, no significant hits were found when the intergenic space of the most common direct
flanking genes were aligned to the NCBI RefSeq and GenBank database. For all identified gastric
genes, no frameshifts or in-frame stop codons were recognised and all genes appeared to
produce a final protein with high homology to the query gene. Chromosomal synteny was difficult
to establish as many of the genomes were at a scaffold assembly level. Although between
chromosomal assembly level genomes, the chromosome where the gastric genes were identified
were not consistent. There was however a clear pattern in gene presence. In all studied genomes,
both atp4a and a4p4b were either present or absent from the genome at the same time. Neither
gene was observed to be present or absent individually. Additionally, atp4a and a4p4b could not
be identified in any agastric species and were unambiguously present in the genome of gastric
species. From this, six loss events were identified (Fig 4).
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3.1.4 Loss Events
Tracking gene loss through phylogeny demonstrated six loss events within the Cypriniformes (D.
rerio, C. carpio, S. rhinocerous, S. graham, S. anshuiensis, and P. promelas), Perciformes (Labridae,
L. bergylta), Tetraodontiformes (M. mola, T. rubripes, and T.nigroviridis), Syngnathiformes (H.
comes), Pleuronectiformes (C. semilaevis), and Cyprinodontiformes (Fig. 4). Loss events are
highlighted in Figure 4 with a red circle at the node where loss is observed.
3.2 Molecular genetics
3.2.1 Primer design and optimisation
The initial multiple sequence alignment of the 19 vertebrate atp4a and atp4b orthologs identified
strong conservation between species. When these sequences were also aligned with other non
gastric ATPase subunits, the candidate area for primer design was greatly reduced. From this, 3
primer pairs were designed for both atp4a and atp4b. Optimisation was relatively difficult to
establish with such a wide variety of species resulting in of trial and error. After optimising
parameters, one primer pair for each gene was selected for downstream protocol (Appendix
Table 2). Refer to methods for the optimised PCR reaction protocol for each primer pair. Expected
amplicon size for the atp4a primer pair was 188bp and 144bp for atp4b.
3.2.2 Genomic DNA extraction
Genomic DNA was successfully extracted from all 37 vertebrate species, with a high extraction
concentration and a A260/280 of ~1.8. To standardise concentrations, 20 µl aliquots were made to
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100ng/µl. Some failures due to overloading was encountered and subsequently rectified by
rerunning the procedure with a lower mass of tissue.
3.2.3 PCR amplification.
A PCR screening of 33 vertebrates identified an amplicon of both atp4a and atp4b primer pairs
in the gastric species Pelodiscus sinensis, Sardina pilchardus, Clarias fuscus, Astyanax mexicanus,
Paracheirodon innesi, Cephaloscyllium ventriosum, Gobiidae Sp., Kryptopterus bicirrhis,
Hypostomus Plecostomus, Beaufortia kweichowensis, Raja clavate, Pagrus pagrus, Pantodon
buchholzi, O. niloticus, G. aculeatus, Zoarces viviparus, Botia striata, Arapaima gigas, Anguilla
anguilla, and Acipenser fulvescens. The agastric Plotosidae also produced amplicons with the
atp4a and atp4b primer pairs. These amplicons had lengths as expected per the primer pair
(188bp for atp4a, 144bp for atp4b). This screening was unable to produce amplicons for the
agastric

Aphia

minuta,

Leucopsarion

petersii,

Crossocheilus

oblongus,

Misgurnus

anguillicaudatus, Catostomidae spp., Lactoria cornuta, Salangichthys microdon, Protopterus
annectens, T. nigroviridis, and Cyprinus carpio. The PCR protocol was replicated a and run on a
series of gels in an order relative to their evolutionary relationship with respect to the simplified
cladogram designed from Rabosky et al. (2018), You et al. (2014), and Amaral et al. (2018) (Fig.
3). The presumed gastric pheotypes were compared to thise PCR screeening, which wold resolve
if there is an association between band (gene) presence and stomahc presecne. When these two
features were compared it appeard that the gDNA from each gastric species produced a posative
amplicon for both atp4a and atp4b. It also appeared that the PCR amplification using primer pairs
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for atp4a and atp4b did not porduce an amplicon from the gDNA of an agastric species. All
posative amplicons were cut from the gel. A seriess of these cut plasmids from a broad
representative group of species were used for cloning folowing plasmid DNA gel recovery. Overall
blue white screening of the clones demonstrated low ligation when compared to the posative
controll (~2-3 white/100-200 blue colonies), additonaly transforamtion eficienacy for some
clones would be quite low (1-30 colonies). However, even with less than ideal results, some
clones were sucsessfully grown, confimred thorugh restriction enzyme digestion and sent for
sequensing. Unseucsfull sequensing was also prevalent, this was observed by low-confidence and
non spefific nucleotides comprising the sequnce. Several methods attempting to solve this issue
were comleted such as resending DNA samples, modulating concentration of these samples, and
rerunning the whole procedure which did not seem to reduce the incednce of this error.
However, given these circumstances, 6 posative clones were received. From this, seuqneses were
aligned with the respective H+/K+ - ATPAase subunit as well as non gastric ATPases. The three
atp4a sequenses were confirmed through BLASTN alignemnt of the clones sequenses from B.
kweichowensis, and C. fuscus. These sequences were then aligned with each other with the O.
niloticus atp4a NCBI reference sequence (XM_003450917.4) as a reference though a multiple
sequence alignment using MAFFT (v7.452) (Appendix Fig. 2 ). Amplicons from atp4b were also
confirmed in O. niloticus, G. aculeatus, P. sinensis, and B. striata. A multiple sequence allignemt
was also completed with these sequences and the O. niloticus atp4b (XM_003445718.5) as a
refrernce (Appendix Fig. 3). G. aculeatus demonstrated regions of low homology with the other
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clones, but showed high sequence similarity with the atp4b isolated form the G. aculeatus
genome in silico. The DNA sequences of these clones can be found in table 3.
3.2.4 Loss Events
Tracking gene loss through phylogeny demonstrated two loss events not seen in Figure 4. This
included the Gobiiformes (A. minuta, L. petersii, and S. microdon) and Beloniformes (L. pholis,
and Hemiramphidae sp.) .
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Figure 1: Maximum-likelihood tree of α (a) and β (b) H+/K+-ATPase subunit genes in vertebrate
species reconstructed using PHYM with bootstrap values (percentage of 1000 replicates) shown
at each node, visualised in Archaeopteryx (https://github.com/cmzmasek/archaeopteryx-js).
Each phylogeny was rooted with a C. intestinalis sequence. The atp4a and arp4b orthologs
collected from genome sequence alignment, other vertebrate ATPase and C. intestinalis subunit
sequences extracted from NCBI’s GenBank. Length metric indicated by a black line. Colour of
branches are relative to node support from red (100) to white/yellow (1).
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a)

b)
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Figure 2: Optimised degenerate primers were designed from a consensus sequence with a
threshold >90% based off of the multiple sequence alignment (MAFFT) of Atp4a (a) and Atp4b
(b) orthologs identified from 19 vertebrate fish genomes. These Atp4a and Atp4b orthologs were
collected from genome sequence alignment. Other vertebrate ATPase subunits were also aligned
to highlight areas of low sequence similarity to reduce non-specific binding, which were extracted
from NCBI’s GenBank. The identified consensus protein sequences were converted to degenerate
codon sequences (Cornish-Bowden, 1985). Resultant primers (c) are indicated by their identifier
and are shown as the consensus amino acid sequence they were design from and the degenerate
nucleotide sequence that were sent for synthesis.
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(a)

atp4b
atp4b

atp4a
atp4a

(b)

ForwardForwardReverseReverse

ForwardForwardReverseReverse

Consensus
Consensus

Consensus
Consensus

O. niloticus
O. niloticus

O. niloticus
O. niloticus

H. sapiens
ATP1A1
H. ATP1B1
sapiens ATP1B1
O. niloticus
atp1a1aatp1b1a
atp1b1a
O. niloticus

H. sapiens
ATP1B1ATP1B1
H. sapiens
O. niloticus
atp1b1aatp1b1a
O. niloticus

A. mexicanus
A. mexicanus
I. punctatus
I. punctatus
L.calcarifer
L.calcarifer
L.chalumnae
L.chalumnae
L. culatusL. culatus
N. brichardi
N. brichardi
E. lucius E. lucius
O. mykissO. mykiss atp4aatp4a
P. nyerereiP. nyererei
H. burtoniH. burtoni
N. coriicepsb
N. coriicepsb
S. formosus
S. formosus
C. harengus
C. harengus
S. salar S. salar
P. olivaceus
P. olivaceus
M.zebra M.zebra
S. partitusS. partitus
B.pectinirostris
B.pectinirostris

A. mexicanus
A. mexicanus
I. punctatus
I. punctatus
L.calcarifer
L.calcarifer
L.chalumnae
L.chalumnae
L. culatusL. culatus
N. brichardi
N. brichardi
E. lucius E. lucius
O. mykissO. mykiss atp4batp4b
P. nyerereiP. nyererei
H. burtoni
H. burtoni
N. coriicepsb
N. coriicepsb
S. formosus
S. formosus
C. harengus
C. harengus
S. salar S. salar
P. olivaceus
P. olivaceus
M.zebra M.zebra
S. partitus
S. partitus
B.pectinirostris
B.pectinirostris

(c)
Primer

Consensus Sequence Degenerate Oligonucleotide Sequence (5’-3’)

Atp4a F

GVGNEKT

GGNGUNGGNAAYGARAARACN

Atp4a R

MIFFMAIVV

NACNACDATNGCCATRAARAADATCAT

Atp4b F

PDYQDRL

YAGBCGRTCYTGRTARTCAGG

Atp4b R

ISLYYVAF

ATYAGYYTBTAYTAYGTVGCNTTC
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Figure 3: a) Simplified cladogram constructed from referencing the Rabosky et al. (2018) ray
finned fish phylogeny and Amaral et al (2018) Elasmobranchii phylogeny, visualized using
Archaeopteryx (https://github.com/cmzmasek/archaeopteryx-js). Branches extend towards
bands from the gel electrophoresis of PCR amplicons (b) using degenerate primes designed for
Atp4a and Atp4b respectively (Fig 2) Bands at expected lengths, distinguished by a 100bp ladder,
are highlighted by a red dashed box. A green positive (+) indicates the presence of band where
expected, a red negative (-) indicates the absence of an amplicon. Expected length include 188bp
for the atp4a pier pair and 114bp for atp4b. C) Gastric phenotype identified by a positive (+)
indicating presumed stomach presence and a negative (-) indicating presumed stomach absence
based on morphology and histology (Appendix Table 1).
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atp4a atp4b
Band
African Lungfish (Protopterus annectens)
Sturgeon (Acipenser fulvescens)
European Eel (Anguilla anguilla)

Butterfly Fish (Pantodon buchholzi)
Pirarucu (Arapaima gigas)
Sardine (Sardina pilchardus)
Common pleco (H. plecostomus)
Glass Catfish (Kryptopterus bicirrhis)
Plotosidae lineatus
Carp (Cyprinus carpio)
Sucker Fish (Catostomidae)
Siamese algae-eater (Crossocheilus oblongus)
Zebra Loach (Botia striata)
Pond Loach (Misgurntus anguillicaudatus)
Chinese butterfly fish (Beaufortia kweichowensis)
Neon Tetra (Paracheirodon innesi)
Blind Cavefish (Astyanax mexicanus)
Catfish (Clarias fuscus)
Noodlefishe (Salangichthys microdon)
Ice Gobie (Leucopsarion petersii)
Transparent Gobie (Aphia minuta)

Gobie Sp.
Nile Tilapia (Oreochromis niloticus)
Half Beak (Hemiramphidae sp.)
Blenny (Lipophrys pholis)
Seabream (Pagrus pagrus)
CowFish (Lactoria cornuta)
Green Spotted Pufferfish (Tetraodon nigroviridis)
Viviparous Eelpout (Zoarces viviparus)
StickleBack (Gasterosteus aculeatus)
Thornback Ray (Raja clavata)
Swell Shark (Cephaloscyllium ventriosum)

100bp
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Gastric
Band Phenotype

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Figure 4: Cladogram of 65 Teleost genomes constructed from the refenced phylogeny of of rayfinned fishes published by Rabosky et al. (2018). Missing species were substituted from other
published phylogenys including Stegastes partitus, Poecilia formosa, and Oryzias melastigma
(Ensembl release 97 - July 2019), Periophthalmodon schlosseri (You et al., 2014), Sinocyclocheilus
anshuiensis (Yang et al., 2016). Published genomes were obtained from NCBI and Ensembl
databases (Appendix Table 1) and genes of interest were aligned through TBLASTN alignment,
with genes identified with e-value thresholds of less than 1e-5 and identity thresholds greater
than 70%. Scaffolds reconstructed based on gene loci. Most complete scaffolds extend from
branches with coloured boxes representing neighborhood genes (refer to key), atp4a and atp4b
illustrated as grey boxes highlighted by arrow titles. Figure divided into atp4a (b) and atp4b
neighborhoods separated by a column identifying gastric phenotype (Appendix Table 1). White
boxes with gene names indicate genes that do not fit the established neighbourhood. A green
box (+) indicates stomach presence, red (-) indicates stomach absence, and yellow (?) indicates
uncertainty in the phenotype. Gastric gene presence or absence substantiated through
localization with highly conserved gene neighborhoods. Space between genes is not to scale with
the relative gene loci.
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atp4b

atp4a

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

NACHT

NACHT

CNFNA

Lepisosteus oculatus
Scleropages formosus
Paramormyrops kingsleyae
Clupea harengus
Pygocentrus nattereri
Astyanax mexicanus
Tachysurus fulvidraco
Ictalurus punctatus
Danio rerio
Cyprinus carpio
Sinocyclocheilus rhinocerous
Sinocyclocheilus grahami
Sinocyclocheilus anshuiensis
Pimephales promelas
Hucho hucho
Esox lucius
Salmo salar
Salmo trutta
Oncorhynchus mykiss
Gadus morhua
Labrus bergylta
Mola mola
Takifugu rubripes
Tetraodon nigroviridis
Maccullochella peelii
Notothenia coriiceps
Gasterosteus aculeatus
Hippocampus comes
Periophthalmodon schlosseri
Periophthalmus magnuspinnatus
Scartelaos histophorus
Boleophthalmus pectinirostris
Monopterus albus
Mastacembelus armatus
Anabas testudineus
Lates calcarifer
Seriola dumerili
Seriola lalandi
Scophthalmus maximus
Paralichthys olivaceus
Cynoglossus semilaevis
Stegastes partitus
Acanthochromis polyacanthus
Amphiprion ocellaris
Amphiprion percula
Amphilophus citrinellus
Oreochromis niloticus
Neolamprologus brichardi
Haplochromis burtoni
Pundamilia nyererei
Astatotilapia calliptera
Maylandia zebra
Oryzias latipes
Oryzias melastigma
Nothobranchius furzeri
Kryptolebias marmoratus
Fundulus heteroclitus
Cyprinodon variegatus variegatus
Poecilia reticulata
Poecilia formosa
Poecilia latipinna
Poecilia mexicana
Xiphophorus hellerii
Xiphophorus maculatus
Xiphophorus couchianus
Gambusia affinis

-

SUN1
MPTX1

MAPs

JELT
MPTX1

JELT
JELT
JELT

+
+
+
+
+
+
+
+
+
+
+
+
?
+
+
+
+
+
+
+
+
+
+
+
-

atp4a
NCAM1 - SULT2BI - TMEM147 - GAPDH - CRP - SAP - STEAP4 - GLIPR2 - NACAD - TBRG4 - DENND3 - SLC45A4 - GPR20 - DGAT1 - SCRT1

atp4b
LAPMI - GRTP1 - ADPRHL1 - DCUN1d2 - TMCO3 - TFDPI - GRK1 - CENPE - TMEM255B - GAS6 - PROS1 - RASA3 - TPP2
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(a)

atp4a

Salmo salar Chromosome ssa02,
CNFNA

u2af2

CNFNA

Salmo salar Chromosome ssa05,
Salmo trutta Chromosome 37

CNFNA

Salmo trutta Chromosome 3
Oncorhynchus mykiss Unplaced Scaffold NW_018654704.1
Oncorhynchus mykiss Chromosome 3

CNFNA

(b)

atp4b

Salmo salar Unplaced Scaffold NW_012352799.1
Salmo salar ssa16
Salmo trutta Chromosome 39 Upstream
Salmo trutta Chromosome 39 Downstream
Oncorhynchus mykiss Chromosome 18
Oncorhynchus mykiss Unplaced Scaffold NW_018630945.1

c)
NCAM1 - SULT2BI - TMEM147 - GAPDH

LAPMI - GRTP1 - ADPRHL1 - DCUN1d2 - TMCO3 - TFDPI - GRK1 - TMEM255B - GAS6

Figure 5: A neighborhood comparison between duplicate atp4a (a) and atp4b (b) gene
neighbourhoods found in S. salar S. trutta, and O. mykiss demonstrating conservation in
neighborhood synteny. Gastric gene neighbourhoods reconstructed from the published genomes
obtained from the NCBI GenBank database. Geneses of interest were aligned through TBLASTN
alignment; with gene identification based an e-value threshold of less than 1e-5 and score
threshold greater than 70%. Scaffolds reconstructed based on gene loci. Gene identity denoted
by a coloured box can be determined by refencing the gene key (c). White boxes indicate nonneighbourhood genes (u2af2, and cnfna), the light grey cnfna indicates a partial sequence.
Double dashed lines indicate the end of a scaffold.
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Chapter 4. Discussion
4.1 Alignment and synteny comparison
Overall, the observed conservation of the gastric gene neighbourhoods (Fig. 4) was consistent
with previous findings (Castro et al., 2013), and this study was able to extend the scope of these
neighbourhoods. This allowed for the confident identification of gastric gene presence or
absence within a species genome. With respect to both synteny analysis and PCR screening, a
comparison between gastric gene presence and gastric phenotype confirmed the hypothesis of
a direct correlation between gastric gene loss and stomach loss. Additionally, only tandem loss
of both atp4a and atp4b was observed. The construction and superimposition of these syntenies
onto a phylogeny of relative evolutionary linkage allowed for the detection and tracking of loss
events. Gastric genes which were identified were found to cluster together as an ingroup when
other non-gastric ATPase subunits were used as an outgroup, suggesting orthology between the
gastric genes (Fig 1).
4.2 Employing Comparative Genomics to Predict Phenotype
This confidence in the relationship between gastric gens and the stomach can be used to
provide context when determining gastric phenotype in species when stomach identification is
inconclusive. There is an apparent phylogenetic gradient in stomach size in the flatfishes
(Pleuronectiformes) and it is hypothesized that Rhombosoleidae represent an extreme of this
(Wilson and Castro, 2010). Stomach loss in this family has been characterized though gross
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morphology (Grove & Campbell, 1979) with the absence of gastric features such as the pyloric
valve and pyloric ceca. More recently Hart (1994) reported the presence of the pyloric valve in
histological sections in 20 days post hatch Rhombosolea tapirine infering stomach preasence.
This represents an uncertainty in the two diagnostic methods. In the genome of Cynoglossus
semilaevis (Tonguefish), a member of the Pleuronectiformes, neither of the gastric genes could
be identified suggesting that this species is likely agastric representing a loss event in the flat
fishes. The mudskippers, another group with an ambiguous gastric phenotype, demonstrated
presence of both functional atp4a and atp4b orthologs within the genomes of B. pectinirostris,
P. schlosseri, P. magnuspinnatus, and S. histophorus localised witin the expected gastric gene
neighbourhoods. This substantiates histological evidence of Milward (1974) and Kobegenova and
Dzhumaliev (1991) suggesting stomach presence. Both of these examples demonstrate the
potential advantage of implementing. These examples demonstrate the of the value that a
genomic perspective provides in the determination and potentially, predicting of the gastric
phenotype
4.3 Loss events
Synteny analysis (Figure 4) and PCR screening (Figure3) contextualised with phylogeny
demonstrated nine gene loss events. These loss events were found in the Cypriniformes,
Perciformes

(Labridae),

Tetraodontiformes,

Syngnathiformes,

Pleuronectiformes,

Cyprinodontiformes, Beloniformes, with two events in the Gobiiformes (L. petersii, and A.
minuta). Stomach loss events in these groups have already been documented or suggested
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(Wilson and Castro 2010), however accompanying gastric gene loss adds support to uncertain
stomach loss events. The reassembly of mudskipper genomes exhibited the presence of both
atp4a and atp4b within their expected loci with retention of the gastric gene neighbourhood.
This substantiates the histological evidence of Milward (1974) and Kobegenova and Dzhumaliev
(1991) demonstrating stomach presence. These examples demonstrate the of the value that a
genomic perspective provides in the determination and potentially, predicting of the gastric
phenotype

4.4 Characterizing loss patterns
Generally, gene loss occurs through either one of two molecular events. First, gene loss
can be a result of a slow accumulation of mutations eventually leading to a loss of function
mutation resulting in pseudogenization (Mighell et al., 2000). This loss of function can be caused
by an insertion or deletion mutation resulting in a frameshift, a missense mutation that alters a
fundamental amino acid, or a nonsense mutation that producing a truncated protein.
Additionally, it is possible that alterations in a splicing site could lead to distorted transcripts or
mutations in transcription sites that prevents expression. The second event involves movement
of the genome through either imbalanced crossing-over of mobilisation of a transposable
element leading to rapid removal of the gene (Huang et al., 2012; Robison et al., 2018).
The characteristics of the atp4a and atp4b loss pattern involves tandem loss of the gastric
genes, a direct correlation between loss of genes and loss of phenotype, a lack of
pseudogenization and a high conservation of gene neighbourhoods. Mobilisation within the
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genome and physical removal or interference of the gene could explain the rapid and complete
loss, to the point of being no longer recognisable. However, such an event would likely have a
profound effect on the neighbouring genes and does not fully explain the recurrent and precise
nature of this loss.
Neighbourhood conservation thus suggests that gene loss is likely initiated by a loss of
function followed by an accumulation of mutations. If mutational accumulation is presumed, the
complete loss of the atp4a and atp4b genes suggests a rapid, aggressive, and potentially directed
bombardment of mutations to eradicate the genes. However, an aggressive mutational
mechanism does not directly explain how build up of mutations result in such an extensive loss
of the intergenic space as seen in T. rubripes. This loss would appear to occur more rapidly than
what is expected by a normal mutation rate over time. Loss of genetic content could be directed
by a mixture of indel bias towards DNA loss, low fixation of insertions, and DNA slippage (Gregory,
2004). Although these features are relatively slow and the molecular mechanisms that produce
them may affect the neighbouring genes. This pattern of loss may be partially influenced by the
flanking genes which could be affected by loss mechanisms. The flanking gene TBRG4 is essential
to cellular respiration (Simarro et al., 2011), DENND3 is related to vesicle-mediated transport and
promotes the exchange of GDP to GTP (Marat et al., 2011) GAPDH plays an important role in
carbohydrate metabolism (Bunch, 1998). TMCO3 couples the export of monovalent cations with
mutations resulting in vision defects (Chen et al., 2016), and GRK1 is involved in the signal turnoff
through phosphorylation of rhodopsin (Horner et al., 2005). These genes seem to code for vital
proteins and it is logical that there may be a positive driver for their preservation, thus retaining
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the gastric neighborhood synteny in defiance of an aggressive mutational mechanism. This could
also explain the observed retention of the gastric neighborhood synteny in species with a
confirmed secondary gastric neighborhood
Gene loss in general is relatively common (Sharma et al., 2018) however recurrent gene
loss as observed in this study is not. Additionally, these patterns of gene loss are not stochastic
but show a bias that is associated with the gastric phenotype. Thus, we must first understand the
evolutionary basis for gastric gene loss, to elucidate the cause or environmental drivers of
stomach loss, and more importantly the type of selective pressure that results in fixation of the
lost trait.

4.4 Evolution through gene loss
Gene loss is dependent on the degree of dispensability of the gene, which is determined
on how loss of function effects fitness (Albalat & Cañestro, 2016). Dispensability of a gene varies
between environments as not all gene functions are required in all habitats or circumstances.
Currently the proposed environmental conditions leading to stomach loss have been proposed
(introduction), and involve a change in environment, an alteration of diet and the function of the
stomach becoming superfluous under these conditions. An example of this could be the
alteration to a diet with a high pH buffer capacity. Such a diet is observed in the agastric parrot
fish which feed on the algae of dead coral (Bellwood, 1994). The quantity of coral ingested during
feeding would neutralize the stomach acid and effectively render the gastric genes superfluous.
51

Another example could be a diet comprised of a large portions of indigestible, or low nutritional
mater with would obstruct stomach acidification, as storage of such material is pointless leading
to rapid gut passage (Wilson & Castro, 2010). The bottom-feeding mullet adopts this feeing style
and although gastric glands are still present, they have physiologically lost gastric digestion
(Lobel, 1981). This may be a form of regressive evolution, loss of a useless characteristics over
time (Bilandžija et al.,, 2013),due to changes in diet which render the function of the stomach
superfluous. Gene loss events due to regressive evolution are regarded to have neutral effects
on fitness. Such is the case with the loss of vitamin C biosynthesis from the adjustment to a
vitamin C rich diet (Drouin et al., 2011). However, in certain environments, stomach loss may be
an advantageous trait as there is an energetic cost to developing and maintaining this organ.
Adaptive evolution is observed with the loss of hair and development of a thick epidermis in
cetaceans (aquatic mammals) which provides an advantage in an aquatic environment (Sharma
et al., 2018). If the function of the stomach is no longer needed due to a change in diet, the energy
required to maintain acidity, produce pepsinogens, and secrete the stomachs protective gastric
mucosal barrier (Hills, 1985), would initially still be retained. This could result in positive selection
for a loss of function mutation and thus may be an adaptive trait supporting the ‘less is more’
hypothesis (Olson, 1999), that non-functionalization signifies an evolutionary adaptive response.

Gene functional bias is often observed with the co-elimination of genes that are
functionally linked when there is a relaxation of an environmental or biological constraint (Albalat
& Cañestro, 2016). This is consistent with the simultaneous loss of the intrinsically linked atp4a
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and atp4b and is consistent with the proposed hypotheses of stomach loss due to nonfunctionalization of gastric genes through a change in diet. This could however indicate that
stomach loss is a neutral adaptation. A relaxation on selection for acid peptic digestion would
inevitably lead to a loss of function mutation on one of the gastric genes, with the other becoming
effectively lost as well due to their functional linkage resulting in further mutations. Although,
the recurrent and rapid gene loss of atp4a and atp4b in agastric species could potentially support
the proposal of an adaptive mechanism for loss fixation.

Whether or not fixation of loss is adaptive or neutral is still a contentious and nuanced
topic in general, and several questions arise when trying to determine if stomach loss is an
adaptive or neutral trait. Most notably, are the energetic savings actually worth it? How much
energy is truly saved by not having a stomach and how does this outweigh the additional features
of the stomach such as acting as a chemical barrier against pathogens? Defining stomach loss as
adaptive is difficult to attempt in nature and thus a comparative analysis in metabolism between
gastric and agastric function through knock out of stomach function should be completed.
Regardless, this direct correlation between the loss of gastric genes and the stomach is a key
example of the pervasiveness of gene loss as a driver for evolutionary diversity.
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4.5 The potential for reinvention
Morphological stomach reinvention was not observed from the phylogenies and gene
reappearance was not identified in the sequence synteny analysis. The PCR screening followed
this pattern except for the species P.lineatus where an amplicon was observed form both the
atp4a and atp4b primers, although sequence identity was not confirmed. Plotosus lineatus
represents a documented case of stomach loss. This agastric phenotype was initially observed
through gross morphological observations of the GIT by Suyehiro (1942), and more recently
confirmed by lack of gastric glands by histology and H+/K+ - ATPase immunohistochemistry
(Wilson & Castro, 2010). The contrary result of the PCR screening could be explained by a lack
of expression in the GIT. In this case the gastric genes may be functional and instead expressed
in an alternative organ group, as observed in the retention of pga1 in Takifugu, or at an
alternative life stage than what was previously observed. If the developmental pathway for
stomach expression is intact, retention of the gastric genes would suggest the potential for
reinvention of the gastric phenotype. It is also possible that these genes are indeed not
functional due to pseudogenisation but enough of the generic code is still present to be
detected. This too would be an interesting outcome as it would be the only detection of
pseudogeneisation of all the species studied. Although these primers have been consistent with
the expected gastric phenotype of other species and no off targets were detected through
sequencing, the primers may be non-specifically detecting other sequences similar to atp4a and
atp4b such as a non-gastric ATPase. Further investigation is required in this species to more
confidently identify the cause this variation. The PCR amplicons should be cloned and
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sequenced and a total RNA extraction, cDNA synthesis and PCR screening should be completed
on each organ group to test for alternative organ expression.
With the exception of P.lineatus, the propensity for reinvention was not demonstrated,
due to the loss of genetic content of both gastric genes in tandem and the direct correlation to
of this to stomach absence. This is consistent with Dollo’s law of irreversibility (Dollo, 1893) .
Plotosus lineatus may be the exception and should be explored further.

4.6 Exploring the Neighborhood
The observation of some gastric species such as P. kingsleyae with two conserved gastric
gene neighbourhoods, where only one houses a gastric gene, possess an interesting problem.
Although the true neighbourhood is obvious if a gastric gene is present, if no gastric gene is
identified in the relative loci of a proposed neighbourhood, neighbourhood assignment could be
difficult. There is an assumption that if neighbourhood duplication occurred, one of the
duplicates would be lost, duplicate gene retention is still possible (Guo, 2017; Shiu et al., 2006).
This problem is magnified with identification of a secondary atp4a neighbourhood. This may
seem trivial, however proper assignment is important when attempting to identify remnants of
lost genes and synteny comparison to track the movement of this conserved feature between
chromosomes. Due to this uncertainty, both neighbourhoods should be explored, and both
should be contextualised with phylogenetic comparison and relative synteny conservation. This
is exemplified by D. rerio, which demonstrated a conserved primary atp4a neighbourhood on
with a large intergenic space (3.126 Mp) between the expected flanking genes steap4 and dennd3
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on Chromosome 16. This flanking gene and neighbourhood assignment was mostly constant with
Castro et al. (2013) (tbgr4 and dennd3), however the secondary gapdhs neighbourhood was also
identified. When syntenies of the other closely related species such as H. hucho and I. punctatus
were compared, it became clear the true atp4a neighborhood had supporting evidence for a
secondary neighborhood assignment. This also shows a more consistent loss pattern of an
ancestral atp4a, since unlike all other agastric species in this study the originally proposed atp4a
neighborhood for D. rerio showed a uniquely large intergenic space between flanking genes. The
addition of cenpe in ten of the atp4b neighborhoods, appears to be an insertion as it is group
specific and an intergenic space where the cenpe gene ortholog would be expected, was not
identified in any species, although the lack of intergenic space could be due to missassembly. The
retention of the cenpe ortholog seems logical given its essential role in chromosome alignment
(Schaar et al., 1997).
4.7 Gene Duplication
The apparent neighbourhood duplication of S. salar, S. trutta and, O. mykiss is consistent
with the salmonid specific genome duplication (Eide et al., 2018). The slight variations in
sequence identity within similar genes of the same species build confidence that these genes
were indeed duplicates and not caused by alignment error. The O. mykiss atpb-like sequence on
the NW_018630945.1 scaffold appeared to be interrupted by a region of low homology and
tandem TG repeats. This could indicate pseudogenization however given the interruption of gaps
in the scaffold sequence alignment, pseudogenization cannot be confirmed.
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The two sequences demonstrating high homology to atp4b in the atp4b neighbourhood
of Maylandia zebra did not show signs of pseudogenization, or truncation and the variance of 5
amino acids between the sequences were sufficient to purpose that the two sequences were not
caused by an alignment duplication error. The African cichlid genome is known to have
undergone chromosomal rearrangements and extensive gene duplication allowing for allows for
subsequent divergent evolution (Conte et al., 2019; Sharma et al., 2018). Therefore, it is possible
that there is duplication of the atp4b orthologue within the genome of Maylandia zebra.
In all cases of apparent duplication (O. mykiss atp4b excluded), the orthologs appear
functional and are closer in sequence to their presumed ortholog than any other gene when run
through the NCBI RefSeq database. This sequence conservation indicates subfunctionalization
may have occurred with these genes, where neither gene is lost (Rastogi & Liberles, 2005). This
may have occurred through neutral processes having no effect, of may indicate an adaptive
process where both perform important non-redundant function. Without further physiological
or molecular investigation of each of these species, it is difficult to postulate the effect that gene
duplication would have on the physiological expression of gastric glands or on the fitness the
organism other than a potential robustness for loss events with a retention of the gastric feature.
It is however important to be cautious in stating that gene duplication has occurred in these
genomes as many duplicated regions within published genome sequences have been found to
be due to missassembly (Kelley & Salzberg, 2010).
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4.8 PCR screening
Genomic DNA extraction was an overall success. It is recommended to run an overnight
incubation on animal tissue to ensure total homogenization, and to not overload the column by
exceeding 100mg of tissue per reaction. Designing primers which were both broad enough to not
pick up on the minor variation between the genes of interest of different species, but still be
stringent as to not detect other homologous ATPases, which too vary between species, was
exceedingly difficult. This required multiple iterations of trial and error resulting the selection of
the final primer pairs, as they showed the most consistent results with the initial gastric and
agastric species. From these primers the PCR screening and arrangement of amplicons based on
a simplified phylogeny demonstrated similar results as with the sequence alignment and
arrangement of syntenies. However, the Plotosidae species (P. lineatus) produced an amplicon
for both atp4a and atp4b where there is ample evidence supporting loss of the stomach
(Appendix Table 1). Although without sequencing this result is still in question.
This process identified one loss event in the Beloniformes (L. pholis, Hemiramphidae sp.)
and two in the Gobiiformes (L. petersii, and A. minuta) of the nine proposed loss events and was
used to build confidence in the correlation between the gastric genes and the stomach
phenotype. Cloning and sequencing confirmed the identity of the recombinant amplicons for
both atp4a and atp4. The reduced quantity and scope of the species tested however limits the
significance of these findings. The problem of too-few positive white colonies relative to the
control insert during blue white screening was potentially due to low ligation efficiency. Inhibitors
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were determined not to be presence after mixing the PCR product with the control(Promega
Corporation, 2018). An alternative explanation cold be the nature of the amplicons. The expected
length for the atp4a and atp4b amplicons were relatively short at 188 bp and 114 bp respectively
and may not have been fully interrupting lacZ. The resulting nonsense, low confidence amplicon
sequences from clones with an insert confirmed though restriction enzyme digestion is puzzling.
Even after changing the concentration of the sample the problem persisted. It may be possible
that a contaminant from the colonies plasmid DNA extraction was interfering with sequencing.
However, in all instances of successful cloning, no non-gastric ATPases were found, and all clones
were confirmed to be from a gastric gene ortholog. This provides positive evidence toward
characterising the precision of the designed degenerate primers pairs. Still, given the relationship
between amplicon identification and stomach presence, If the cloning procedure was optimised,
PCR screening could prove to be a valuable high throughput method for detecting gastric gene
presence and inferring gastric phenotype.

4.9 Future Perspectives
A genomic perspective provides unprecedented insight into the recurrent trait of stomach
loss; however, many questions still stand. Especially with regards to the driver of stomach loss,
and why it is so pervasive in teleosts. This is a difficult to answer given the variety of environments
teleost inhabit. Thus, a physiological and molecular investigation of stomach loss should be
carried out to potentially elucidate the energetic cost of facilitating acid-peptic digestion in fishes.
As sequencing technology becomes less expensive and more accessible, more genomes will be
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released. This is proving to be an invaluable set of data that may possess the key to elucidating
the molecular mechanism of gene loss, such as the identification of pseudogenes. These genomes
could provide the context to confirm a proposed loss event and may identify more than the
proposed 15 loss events. This study indicates the potential for a molecular screening method
employing PCR amplification to identify gastric genes. Such a methodology could be carried out
further on a wider set of teleosts, and on a more specific species within a group such as the
Pleuronectiformes whose genomes may not be available. The use of these methodologies in
tandem can be used to develop a high throughput gastric phenotype predicting procedure. To
further establish the significance of the gastric gene to stomach development, gene knock out
should be completed on a gastric species. Additionally, given that the genetic blueprint for
stomach development is still potentially intact (Flores et al., 2008), reintroduction of the stomach
may be possible through knock-in of the gastric genes. Further, the scope of this project was
limited to the gastric genes involved in the expression of the H+/K+-ATPase, however the
pepsinogens are also tightly linked to this phenomenon and show signs of pseudogenization
(Castro et al., 2013), and thus should be further explored with a similar method.
4. 10 Summary
Through the lens of comparative genomics, this study was able to expand upon our
understanding of the phenomenon of stomach loss in teleosts. The first step of this was the
expansion of previously described conserved atp4a and atp4b gastric gene neighbourhoods. An
additional atp4a neighborhood was characterized which has a similar identity to the atp4a
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neighborhood of the tetrapods, potentially demonstrating a rearrangement event. These
neighborhoods were exploited in sequence alignment and synteny analysis to confirm the
identity of gastric orthologs and to confidently conclude gene loss when a gastric gene was not
present. In all incidence of loss, pseudogenization was not observed, and both gastric genes were
lost together. To investigate species whose genomes may not be available, primers were
designed which demonstrated the ability to isolate gastric genes and were used in a PCR
screening. From this bioinformatic and molecular comparative analysis, a direct correlation was
observed between gene loss and stomach loss. With the exception of P. lineatus, this correlation
paired with the observed complete loss of gastric genes indicates natural stomach reinvention
would be unfeasible, consistent with Dollo’s principle. These loss patterns were contextualized
by relative phylogeny of the species studied and allowed for the identification of nine loss events.
This included Cypriniformes, Perciformes (Labridae), Tetraodontiformes, Syngnathiformes,
Pleuronectiformes, Cyprinodontiformes, Beloniformes, and twice in the Gobiiformes (L. petersii,
and A. minuta). Loss events within these groups have already been proposed; however, this
genomic characterization provides confidence, especially in the Pleuronectiformes where
stomach loss was more ambiguous. Along the same line, this study provided evidence for the
presence of a stomach in the mudskippers, which previously had an uncertain phenotype. This
conformation demonstrates the value of this genomic perspective and indicates the potential
implementation of a genomic screening method for phenotype prediction. The characterization
of the gastric gene compliment to stomach loss provided insight into potential mechanisms of
gene loss. Although this loss appears adaptive, with the variety of niches that teleosts are
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observed to occupy, the environmental conditions that influence these mechanisms is also
paternally equally varied. Future investigation of the energetic expense of the stomach in teleosts
could provide evidence in determining if this loss is a positive or neutral adaptation.

4.11 The integrative nature of this thesis
Integration is the unity of separate things, concepts or ideas. In a broad sense the value
of this perspective can be seen from the fruitful outcome that multiple viewpoints can bring to a
project. This is directly related to biological research where the integration of separate areas of
work allows for a more robust perspective that may normally be outside the bound of a single
field. This thesis maintains an integrative nature through the implementation of bioinformatics
and molecular genetics. This feature exemplifies the value of integration as it demonstrates the
benefit of employing both methods together to fill in the gaps that either method would have
alone. The field of bioinformatics alone is integrative as it ties together many branches of science
including computer science and mathematics, statistics, molecular biology and genetics.
Molecular genetics too is multifaceted and is associated with molecular, microbial, cellular, and
developmental biology, chemistry, and genetics. This thesis is put into perspective though the
lenses of comparative physiology and evolutionary theory. Although this work could be
completed with focus on a single aspect, the assimilation of multiple fields and perspectives
allowed for the exploration of a more complete and compelling narrative. During the work of this
project several conferences were attended where this research was presented. This would often
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result if collaborative a discussion on potential directions to take the project. Although not all
suggestions were explored, some did result in the addition and alteration of the work. An
example being the reference of pre-established phylogeny instead of reconstruction my own.
Overall, whether it be the adoption of methodology and concepts from separate domains of
science or simply the collaboration between researchers, Biology in inherently integrative. As
knowledge advances and science in general grows into a more multifaceted field, it becomes
apparent that integration in biology will inevitably reach ubiquity.
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Appendix
Table 1: A list of all species and sample used in this study. Accession numbers are provided if the species genome was explored in
silico, and the scaffold or segment the atpa and atp4b neighbourhood best aligned. Phenotype (Ph) indicates presumed gastric
genotype. A positive (+) indicates the species is gastric, and negative (-) agastric, and a question mark (?) indicates that the phenotype
is unknown of ambiguous. References for this identification are provide in the final column. If the species of a row is not directly
included in the reference, the group which is being used to infer phenotype is noted in brackets below the reference.
Species

Accession

ATP4A

APT4B

Ph

Reference

Lepisosteus oculatus

GCF_000242695.1)

NC_023202.1

NC_023195.1

+

(Groff & Youson, 1997)

Scleropages formosus

GCF_900964775.1

NC_041823.1

NC_041819.1

+

(Natali et al., 2004)

Paramormyrops
kingsleyae
Clupea harengus
Pygocentrus nattereri

GCF_002872115.1

NW_019716030.1

NW_019712044.1

+

GCF_000966335.1
GCF_001682695.1

NW_012219682.1
NW_016243899.1

NW_012220521.1
NW_016243833.1

+
+

Astyanax mexicanus

GCF_000372685.2

NW_019172945.1

NC_035908.1

+

(Natalia et al. 2004)
(Osteoglossiformes)
(Harder, 1975)
(Ghosh & Chakrabarti,
2015)
(Gonçąlves et al., 2016)

Tachysurus fulvidraco

GCF_003724035.1

NW_020847880.1

NW_020847857.1

+

Ictalurus punctatus

GCF_001660625.1

NC_030438.1

NC_030441.1

+

Danio rerio
Cyprinus carpio
Sinocyclocheilus
rhinocerous

GCF_000002035.6
GCF_000951615.1
GCF_001515625.1

NC_007127.7
NW_017545415.1
NW_015658994.1

NC_007112.7
NW_017542934.1
NW_015639247.1

-

1

(Ahsan-ul-Islam,
1951)(Bagridae)
(Shrable et al.,1969)
(Wallace & Pack, 2003)
(Edinger, 1877)
(Harder 1975)
(Cyprinidae)

Sinocyclocheilus
grahami
Sinocyclocheilus
anshuiensis
Pimephales promelas

GCF_001515645.1

NW_015505764.1

GCF_001515605.1

NW_015536494.1

NW_015536681.1

-

GCA_000700825.1

JNCD01029394.1

JNCD01016971.1

-

Hucho hucho

GCA_003317085.1

QNTS01000664.1

QNTS01001098.1

+

Esox lucius

GCF_004634155.1)

NC_025987.4

NC_025989.4

+

Salmo salar

GCF_000233375.1
GCF_901001165.1
GCF_002163495.1

+
+

(Burnstock 1959)
(Sugiura et al., 2006)

Gadus morhua

GCF_902167405.1)

NW_012352799.1/
NC_027315.1
NC_042995.1
NC_035094.1
/NW_018630945.1
NC_044061.1

+

Salmo trutta
Oncorhynchus mykiss

NC_027301.1/
NC_027304.1
NC_042993.1
NC_035078.1/
NW_018654704.1
NC_044058.1

(Burnstock, 1959)
(Salmo trutta)
(Harder 1975a) (Reifel
and Travill 1978)
(Burnstock 1959)

+

Labrus bergylta

GCF_900080235.1

NW_018114497.1

-

Mola mola

GCA_001698575.1

KV751355.1

KV751321.1

-

Takifugu rubripes
Tetraodon nigroviridis

GCF_901000725.2
TETRAODON 8.0

NC_042291.1
Chromosome 8

NC_042297.1
Chromosome 2

-

Maccullochella peelii

GCA_002120245.1

LKNJ01000267.1

LKNJ01000597.1

+

(Perez-Casanova et al.,
2006)
(Kapoor et al., 1975)
(Labridae)
(Rosen, 1912; O.
Goncalves and J.M
Wilson unpublished)
(Kurokawa et al., 2005)
(Kurokawa et al. 2005)
(Castro et al. 2013)
(Zhou et al., 2015)
(Siniperca chuatsi)
Percichthyidae)

NW_018114726.1

2

NW_015506857.1

-

(Harder 1975)
(Cyprinidae)
(Harder 1975)
(Cyprinidae)
(Reifel & Travill, 1978)

Notothenia coriiceps

GCF_000735185.1

NW_011333581.1

NW_011333781.1

+

Gasterosteus aculeatus

BROAD S

groupXX

groupII

+

Hippocampus comes

GCF_001891065.1

NW_017805407.1

NW_015095449.1

-

Periophthalmodon
schlosseri

GCA_000787095.1

KN463843.1

KN461354.1

+

Periophthalmus
magnuspinnatus

GCA_000787105.1

KN48377.1

KN47322.1

+

Scartelaos histophorus

GCA_000787155.1

KN512753.1

KN499653.1

+

Boleophthalmus
pectinirostris

GCA_000788275.1

NW_018360463.1

NW_01836046

+

Monopterus albus
Mastacembelus
armatus
Anabas testudineus

GCF_001952655.1
GCF_900324485.1

NW_018128007.1
NW_020535911.1

NW_018127884.1
NW_020535922.1

+
+

GCF_900324465.1)

NW_020536004.1

NW_020536009.1

+

Lates calcarifer
Seriola dumerili
Seriola lalandi
Scophthalmus maximus

GCF_001640805.1
GCF_002260705.1
GCF_002814215.1
GCA_003186165.1

NW_017364165.1
NW_019174978.1
NW_019524615.1
Primary_assembly 1

NW_017364165.1
NW_019175554.1
NW_019525288.1
Primary_assembly 5:

+
+
+
+

Paralichthys olivaceus

GCF_001970005.1

NW_017859661.1

NW_017859645.1

+

3

(Tanji et al., 2009)
(Nototheniidae)
(Hale 1965)
(Edinger 1877)
(Syngnathidae)
(Kobegenova and
Dzhumaliev 1991;
Milward 1974)
(Kobegenova and
Dzhumaliev 1991;
Milward 1974)
(Kobegenova and
Dzhumaliev 1991;
Milward 1974)
(Kobegenova and
Dzhumaliev 1991;
Milward 1974)
(Dai et al., 2007)
(Dai et al. 2007)
(Synbranchiformes)
(Ahsan-ul-Islam 1951)
(Walford & Lam, 1993)
(Grau et al., 1992)
(Grau et al., 1992)
(Pilliet, 1885)
(Scophthalmidae)
(Tanji et al., 2009)

Cynoglossus semilaevis

GCF_000523025.1

NC_024319.1

NC_024311.1

?

Stegastes partitus

GCF_000690725.1

NW_007577819.1

NW_007580324.1

+

Acanthochromis
polyacanthus
Amphiprion ocellaris

GCF_002109545.1

NW_019029385.1

NW_019029225.1

+

GCF_002776465.1

NW_019372727.1

NW_019369846.1

+

Mastacembelus
armatus
Amphilophus citrinellus

GCF_900324485.1

NW_020535911.1

NW_020535922.1

+

GCA_000751415.1
GCF_001858045.2

Primary_assembly
CCOE01000670.1: 1
NC_031965.2

+

Oreochromis niloticus

Primary_assembly
CCOE01000370.1
NC_031976.2

Neolamprologus
brichardi
Haplochromis burtoni

GCF_000239395.1

NW_006272080.1

NW_006272080.1

+

NW_005179548.1

+

Pundamilia nyererei

GCF_000239375.1

NW_005187485.1

NW_005187412.1

+

Astatotilapia calliptera

GCF_900246225.1

NC_039312.1

NC_039302.1

+

Maylandia zebra

GCF_000238955.4

NC_036780.1

NC_036780.1

+

Oryzias latipes
Oryzias melastigma

GCA_002234695.1
GCA_002922805.1
Nfu_20140520

Primary_assembly 3:
Primary_assembly
NVQA01000019.1:
NC_029655.1

-

Nothobranchius furzeri

Primary_assembly 16
Primary_assembly
NVQA01000006.1
NW_015443664.1

GCF_000239415.1

NW_005179629.1

4

+

-

(Hart, 1994) (Grove &
Campbell, 1979)
(Lobel 1981)
(Pomacentridae)
(Lobel 1981)
(Pomacentridae)
(Lobel 1981)
(Pomacentridae
(Dai et al. 2007)
(Synbranchiformes)
(Fish 1960) (Ahsan-ulIslam 1951) (Cichlidae)
(Fish, 1960)
(Fish 1960) (Ahsan-ulIslam 1951) (Cichlidae)
(Fish 1960) (Ahsan-ulIslam 1951)(Cichlidae)
(Fish 1960) (Ahsan-ulIslam 1951)(Cichlidae)
(Fish 1960) (Ahsan-ulIslam 1951)(Cichlidae)
(Fish 1960) (Ahsan-ulIslam 1951)(Cichlidae)
(Castro et al. 2013)
(Castro et al. 2013)
(Oryzias)
(Hale 1965)
(Cyprinodontiformes)

Kryptolebias
marmoratus
Fundulus heteroclitus

ASM164957v1

NW_016094321.1

NW_016094245.1

-

GCF_000826765.1

NW_012234281.1

NW_012234386.1

-

Cyprinodon variegatus
variegatus

GCF_000732505.1

NW_015150455.1

NW_015150455.1

-

Poecilia reticulata
Poecilia formosa
Poecilia latipinna
Poecilia mexicana
Xiphophorus hellerii

GCF_000633615.1
GCF_000485575.1
GCF_001443285.1
GCF_001443325.1
GCA_00333115.1

NC_024346.1
NW_006800016.1
NW_015112627.1
NW_015095540.1
CM010378.1

NC_024333.1
NW_006799999.1
NW_015113368.1
NW_015095746.1
CM010378.1

-

Xiphophorus maculatus

GCA_002775205.2

Primary_assembly 4

Primary_assembly 3:

-

Xiphophorus couchianus

GCA_001444195.1
GCA_003097735.1

Sardina pilchardus
Clarias fuscus

n
n

Primary_assembly
KQ557219.1
Primary_assembly
NHOQ01002268.1
n
n

-

Gambusia affinis

Primary_assembly
KQ557218.1
Primary_assembly
NHOQ01000034.1
n
n

Paracheirodon innesi

n

n

n

+

Cephaloscyllium
ventriosum
Aphia minuta

n

n

n

+

n

n

n

-
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+
+

(Hale 1965)
(Cyprinodontiformes)
(Babkin and Bowie
1928)
(Hale 1965)
(Cyprinodontiformes)
(Hale, 1965)
(Hale 1965) (Poecilia)
(Hale 1965) (Poecilia)
(Hale 1965) (Poecilia)
(Hale 1965)
(Poeciliidae)
(Hale 1965)
(Poeciliidae)
(Hale 1965)
(Poeciliidae)
(Sokolov & Chvaliova,
1936)
(Harder 1975a)
(Uys & Hecht, 1987)
(Clariidae)
(Vieira-Lopes et al.,
2013) (Characidae)
(Gonçalves et al. 2019)
(Scyliorhinidae)
(Wilson and Castro
2010; Giovannotti et
al. 2007)

Leucopsarion petersii
Lipophrys pholis
Kryptopterus bicirrhis

n
n
n

n
n
n

n
n
n

+

Hypostomus
plecostomus
Crossocheilus oblongus

n

n

n

+

n

n

n

-

Beaufortia
kweichowensis
Misgurntus
anguillicaudatus

n

n

n

+

n

n

n

-

Catostomidae

n

n

n

-

Monacanthidae sp.
Lactoria cornuta

n
n

n
n

n
n

+
-

Raja clavata

n

n

n

+

Pagrus pagrus
Salangichthys microdon
Pantodon buchholzi

n
n
n

n
n
n

n
n
n

+
+

Protopterus annectens
Zoarces viviparus

n
n

n
n

n
n

+
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(Harada et al. 2003)
(Pilliet 1885)
(Ahsan-ul-Islam 1951)
(Siluriformes)
(Wilson and Castro
2010)
(Ahsan-ul-Islam 1951)
(Cyprinidae)
(Gonçąlves et al., 2016)
(Gonçąlves et al. 2016;
Wilson and Castro
2010)
(Weisel, 1962)
(Catostomidae)
(Gonçalves 2017)
(Bodansky and Rose
1922) (Ostraciidae)
(Gonçalves 2017)
(Chatchavalvanich et
al., 2006)
(Darias et al., 2017)
(Harada et al. 2005)
(Natalia et al. 2004)
(Osteoglossiformes)
(Castro et al. 2013)
(Wilson and Castro
2010)

Paraluteres prionurus
Hemiramphidae sp.

n
n

n
n

n
n

+
-

Botia striata

n

n

n

+

Cyprininae

n

n

n

-

Arapaima gigas

n

n

n

+

Anguilla anguilla
Acipenser fulvescens

n
n

n
n

n
n

+
+
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(Gonçalves 2017)
(Klumpp & Nichols,
1983)
(Gonçąlves et al. 2016;
Wilson and Castro
2010) (Botiidae)
(Harder 1975)
(Cyprinidae)
(Natalia et al. 2004)
(Osteoglossiformes)
(Trischitta et al., 1998)
(Buddington, 1985)

Figure 1: A TBLASTN alignment of two sequences homologous to atp4b found within the
presumed atp4b gene neighborhood of the Maylandia zebra genome (GCA_000238955.5,
CM009180.2). Sequences were identified from an initial alignment of the genome with H. sapiens
and O. niloticus H+/K+ - ATPase β subunits. Alignment showed a sequence similarity of 98%
(286/291) with zero gaps. The atp4b-like sequence closest to the dcun1d2 ortholog within the
neighborhood (Fig. 4) was defined as the downstream atp4b.
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Table 2: Optimized degenerate consensus primers designed from the multiple sequence
alignment of the gastric genes from 19 vertebrate species and two sets of non-gastric ATPase
subunits. Protein sequences selected from areas of high gastric gene homology and low non
gastric ATPase similarity. The degenerate sequence positioned in the 5’ – 3’ direction was
synthesized from the respective protein.
Primer

Protein Sequence

Degenerate sequence 5’- 3’

Atp4A - F

GVGNEKT

GGN GUN GGN AAY GAR AAR ACN

Atp4A - R

MIFFMAIVV

NAC NAC DAT NGC CAT RAA RAA DAT CAT

Atp4B - F

PDYQDRL

YAG BCG RTC YTG RTA RTC AGG

Atp4B - R

ISLYYVAF

ATY AGY YTB TAY TAY GTV GCN TTC

2

Table 3: List of successfully cloned sequences confirmed though sequence alignment using
BLASTN. Clone identity of the sequences presented in the 5’ – 3’ direction were consistent with
the expected amplicon of the primer pair noted in the table.
Specimen

B. kweichowensis

Gene

atp4a

C. fuscus

atp4a

O. niloticus

atp4b

G. aculeatus

atp4b

P. sinensis

atp4b

B. striata

atp4b

Sequence 5’ – 3’
TGCACGTAGGCCACCACGATGGCCATAAAAAAGATCATGGCTT
CCAGAAACTCATAACCGATAAACATTGCGACCACAAAGAATGT
GAAGCCAAAGAAGATGGCAAGGCCGGCGATGATATCGACGAA
ATGTTCGATCTCTATAGCGATTGGTGTTTTCTCATTGCCCACGCC
GGAGGCCAGGGAGGCGA
TCACCACGATGGCCATAAAAAATATCATGGCCTCCAAGAAGGC
GTAACCGATAAACATGGCGACCACGAAGAAGGTGAAGCCGAA
GAAGATGGCCAAGCCGGCGATGATGTCGACGAAATGCTCGAT
CTCGATGGCGATTGGGGTTTTYTCGTTGCCCACGCCGGAGGCC
AGGGAGGCGA
ATTAGTCTGTATTATGTGGCGTTCTACGTGGTGATGACAGGCTT
GTTTTCCCTGGCCATCTACGTGCTCATGTACACAGTGGACCCAT
ACACCCCAGACTACCAAGATCGATTA
ATCGATCTTGATAGTCCGGCGCATACGGATCCAACGTGTACAT
GAGCGTCCAGATGGCCAGRCAAAAGAGGGACGTCATCACCAC
GTASAAGGCTACATAATACAGACTAATAA
TATTAGTCTGTATTATGTGGCTTTCTATGTGGTGATGACTGGGC
TGTTTTCACTCRCAATATATTCCTTAATGAGGACAATCAATCCAT
ATACACCGGACTACCAAGACCGATTAA
TTATCAGCCTGTATTATGTAGCGTTCTATGTGGTGATGACGGCT
CTCTTTTCTCTTGCCGTCTATGTGCTCATGTACACGCTGGACCCG
TACAAACCAGACTATCAAGATCGAT

3

Figure 2: Multiple sequence alignment of the cloned and sequenced at4a amplicons form B.
kweichowensis and C. fuscus (Table 3) with the O. niloticus atp4a NCBI reference sequence
(XM_003450917.4) as a reference. In CLUSTAL format with alignment by MAFFT (v7.452).
Asterisk (*) indicate exact matches, dots (•) indicate semi-conserved substitutions, a dash
indicates a gap.
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Figure 3: (a) Multiple sequence alignment of the cloned and sequenced at4b amplicons from O.
niloticus , B. striata, P. sinensis, and G. aculeatus (Table 3) with the O. niloticus atp4b NCBI
reference sequence (XM_003445718.5). This alignment identified areas of low homology of the
G. aculeatus atp4b amplicon with the other sequences. (b) This sequence was removed from the
alignment and (c) aligned to the previously isolated atp4b of the G. aculeatus genome in silico.
Alignment was completed using BLASTN demonstrating a present identity of 95%, zero gaps, a
93% coverage with an e-value of 5e-49. (a,b)Multiple sequence alignments were constructed using
MAFFT (v7.452) and expressed in CLUSTAL format. Asterisk (*) indicate exact matches, dots (•)
indicate semi-conserved substitutions, a dash (-) indicates a gap. (C) Pairwise alignment was
constructed using BLASTN 2.9.0+.
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